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Abstract
ABSTRACT
This thesis is concerned with the physical chemistry of alkoxide sol-gel processing of a 
novel silica-titania material. A detailed discussion of sol-gel theory precedes a 
theoretical discussion of SiOz-TiOz, methods o f coating and spectroscopic methods 
which can be used on sol-gel systems. The application o f microscopy, adsorption and 
thermal methods as well as their corresponding experimental conditions is also 
addressed.
Pre-hydrolysis and reflux synthetic routes have been investigated in order to maximise 
the number and distribution of Si-O-Ti linkages, homogeneously throughout the bulk 
without phase separation, using Si(0Et)4 and Ti(0Pr’)4 precursors. The chemistry which 
brings about Si-O-Ti bond formation during the initial stages o f the process, the kinetics 
and extent of hydrolysis and condensation have been addressed and consideration given 
to methods o f improving the characterisation process.
Sols and immature gels were characterised using ^^ Si NMR, UV-Vis and TEM prior to 
being spin coated at a given viscosity to yield two-dimensional thin films on fused silica 
substrates. Such films were further characterised by SEM, AFM, FT-IR, SIMS, contact 
angle and neutron reflectance and the effect o f functionalising with perfluoroalkylsilane 
as a means of improving hydrophobicity was investigated. Mature bulk three- 
dimensional oxide gels have been characterised by FT-IR, FT-Raman, UV-Vis, ESR, 
CPMAS ^^ Si NMR and, TGA-DTA, TPR, XRD, XPS and S bet- The properties of the 
systems are discussed in the light of these results. The Si02-Ti02 has also been 
investigated for its industrial potential. As thin films, it has been shown that they can be 
tailored to exhibit high reflection, anti-reflection and protection for the indoor lighting 
industry and can be further fiinctionalised to impart surface hydrophobicity.
The thesis concludes with details o f papers, posters and presentations which have been 
given over the past three years and a consideration for further potential work.
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CHAPTER 1
SOL - GEL
Chapter 1 Sol-gel
1.0 INTRODUCTION
Scientific studies o f sols date back to 1845 when Selmi prepared silver chloride 
dispersions. A sol can be described as colloidal* (i.e. that which Ostwald described as 
‘lying in the world o f neglected dimensions’). These are systems in which either particles 
or large molecules o f the disperse phase has at least one dimension between Inm and 
1pm and are dispersed in a liquid dispersion medium Examples of colloidal systems 
are shown in Table 1.1
Table 1.1: Types o f  Colloidal Systems
System Disperse Phase Disperse Medium
Dispersion (sol) solid liquid
Emulsion liquid liquid
Solid emulsion liquid solid
Foam gas liquid
Liquid aerosol (mist) liquid gas
Solid aerosol solid gas
A loy solid solid
Initial methods o f glass production, processing and technology over the past 4000 years, 
have been limited to conventional high temperature melting of salts, minerals and 
oxides^ l^ However, the past 40 years has seen the introduction and rapid evolution o f a 
new and alternative method o f glass production known as ‘The Sol-Gel Process', 
whereby the ease o f producing amorphous silicates and oxides at room temperature, via 
solution chemistry, has become a widely accepted phenomenon. The aim of using sol- 
gel, is to produce a dense, water and carbon-free 'glass', by a low temperature, chemical 
route, which would ideally have all the desirable properties o f fused silica (i.e. hardness, 
transparency, chemical durability and thermal resistance
Within the field of sol-gel (nicknamed 'glass from a bottle') there are two methods of 
processing The first method (the colloidal method), essentially involves the dispersion 
of colloidal particles to form a sol, which can be de-stabilised to yield a gel.
* Colloid (Gk: Glue-like) first used by Graham 1861
_
Chapter 1 Sol-gel
The second and more popular method involves the polymerisation o f organometallic 
compounds, commonly alkoxides, to ultimately yield a gel consisting of a continuous 
polymeric network
By comparison, a gel is a colloidal system of solid character in which the dispersed phase 
forms a coherent network; this is inter-penetrated usually by a liquid Therefore it is 
plausible to define the sol-gel process as “the transition of a system of dispersed colloidal 
particles, into a disordered branched continuous network, which is inter-penetrated by a 
liquid.” Gels can be classified into four distinct groups
(i) well ordered lamellar structures,
(ii) covalent polymeric disordered networks,
(iii) polymer networks formed by physical aggregation, predominantly disordered and
(iv) particular disordered structures
In fact there are a variety o f gels which differ only by their method o f preparation and are 
usually classified according to the dispersion medium used (e.g. hydro or aquagel, 
alcogel and xerogel in water, alcohol and air respectively). Xerogels are dry gels which 
are produced when the inter-penetrating liquid is removed by simple evaporation as 
opposed to liquid removal above its super-critical temperature and pressure to give an 
aerogel. However, if the inter-penetrating liquid is first frozen prior to removal (freeze- 
drying), followed by the process o f sublimation as a means o f removal, the product is a 
cryogel
Deciding which method o f sol-gel processing to use (colloidal or alkoxide) depends 
very much on the nature of the final product required, which is in turn dependent on its 
intended application. Aqueous and non-aqueous oxide sols have been widely studied for 
the synthesis of glasses, crystalline oxides and non-oxides. The technique permits the 
fabrication o f spherical powders, fibres, coatings or monoliths by the direct sintering of 
gels. In addition to being versatile, the technique is also energy efficient compared to 
sintering or fusion. Colloidal processing has the added advantage of yielding 
homogeneous compositions and controlling oxide porosity.
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Akoxides allow the production of crack-free monolithic gels and the production of sub- 
micron spherical oxide particles, by homogeneous nucléation from solution. 
Furthermore, hydrolysis o f alkoxy moieties can be controlled by the use o f non- 
hydrolysable groups to yield hybrid species, with the effect of imparting specific 
properties to the articles (e.g. glass-plastic intermediates The alkoxide method of 
sol-gel processing is essential to the study undertaken here (see Section 1.3).
1.1 SOL - GEL DEVELOPMENT
The first man-made silicate gels were made by reacting SiCU with ethanol to give 
tetraethoxysilane (TEGS) in 1844. Ebelmen discovered that the compound gelled 
following prolonged exposure to the atmosphere. This was explained by Mendeleyev in 
the 1850's, who reported the concept that hydrolysing silicon tetrachloride produces 
polysiloxanes o f high molecular weight by repeated condensation. Similar results were 
obtained by Friedel, Ladenburg and Crafts between 1860 and 1870. In 1929, Konrad et 
al investigated the role o f water in sol-gel reactions and concluded that hydrolysis is 
accompanied by condensation and so water acts as a reactant. Konrad et a l further 
reported that the degree o f polymerisation could be expressed as
r=  u S i/u S i- f,H2Ü (11)
where T  is the number of silicon atoms in the polymer, tS i is the number o f moles of  
Si(OEt)^ and is the number of moles o f water By 1951 Geffcken and Bergen 
recognised the potential o f metal alkoxides for the production of oxide films 
Schroder developed thin film physics and by the 1950's, sol-gel processing became 
well understood and was rapidly further developed by the German Schlott Glass 
Company; the first products were on the market in 1953. Large-scale production started 
in 1959 with such articles as rear-view mirrors, anti-reflective coatings in 1964 and sun- 
shielding windows in 1969.
The emphasis of silica studies was directed towards structure (i.e. there had been 
much debate as to whether the gel was composed o f coagulated particles surrounded by 
a layer o f fastened water, or simply an emulsion or a polymeric arrangement o f silicic
1-3
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acid encompassing a prolonged liquid phase). In 1932 the application of a super-critical 
drying step enabled Kistler to describe the structural framework as that o f a gel 
Such aerogels were studied extensively by Nicolaon and Teichner and indeed reviewed 
the preparation and properties o f inorganic oxide aerogels in 1976
Over the following decade, sol-gels received little chemical attention until the 
independent study of Dislich and Hinz in 1969 producing patent applications and 
publications in 1971 A simultaneous, yet independent study o f a similar route was 
also undertaken by Levene and Thomas It was now well understood that tailor-
made multi-component oxides could be prepared using various metal alkoxides by sol-gel 
processing. For example, Dislich reported the formation of clear moulded articles at ~ 
923K by the hot pressing o f de-hydrated gel granules containing Si0 2 -B203 -A 203-Na2 0  
and K2O. Similar methods of preparation have also been reported by Konijnendijk et a l 
and Gorlich Soon Yoldas and Yamane et al were carefully drying gels and 
preparing monoliths. Dislich has now discussed sol-gels and their advantages in terms 
of research and development, as well as their potential scale-up.
Such advantages and applications will be discussed in more detail in section 1.9 after 
considering the properties o f the precursor metal alkoxides.
1.2 METAL ALKOXIDES
The first synthesis o f an alkoxide (silicon tetraisoamyloxide) was by Ebelmen in 1846, as 
a result of the reaction between silicon tetrachloride and isoamyl alcohol. Metal alkoxide 
chemistry rapidly developed around 1950. Metal alkoxides have the general formula:
M(OR)x
where M is the metal with a valency o f jc (4 for TEGS), O is oxygen and is a saturated 
alkyl or unsaturated organic group. They can be considered to be derivatives o f alcohols 
(RGH), in which the hydroxylic hydrogen has been replaced by a metal. Aternatively, 
they can be defined as derivatives of metal hydroxides M(GH)y
1-4
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Many metal alkoxides are commercially available at relatively low cost (e.g. Si, Ti, A , Zr 
etc) and others can be prepared on a small scale. Here, the electronegativity o f the main 
element is an important factor in the choice of synthetic route, where strongly 
electropositive metals with valencies up to three, can react directly with alcohols to yield 
the alkoxide (and H2 is liberated as in (a) below. This is true for alkali metals and alkali 
earths.
For electronegative elements (e.g. silicon) the reaction of alcohols with metal halides is 
particularly useful (see (b) below) as is the reaction of non-metallic oxides and 
hydroxides with alcohols (see (c) below) to form esters (i.e. alkoxides o f non-metallic 
elements and water
(a) M + xROH ^  M(OR)x + %
(b) MXx + xROH O M(OR)x + xH X t
(c) M(OH)x + xROH O  M(OR)x + XH2O 
MOx + 2xR0H O  M (0 R )2 x  +  XH2O
(1.2)
(1.3)
(1.4)
(1.5)
Much research exploits the use o f Si alkoxy derivatives to give silica-based systems 
Chen and co-workers discussed the role o f the starting compounds in sol-gels 
However in more recent times, particularly since 1950, the challenge o f utilising more 
complicated alkoxy derivatives of the elements (whose number and stability decreases 
from left to right across the Periodic Table) has been met to produce dense multi- 
component glasses and ceramics. This is illustrated in Figure 1.1.
M o Tc
HgW Re
AcKRf)(Ha)Fr R%
Is I Er
s I Pa ^  I Np j Pu jAmjCm Bk|CT Es Fm MdjNo Lr
Fisure 1.1 Periodic Table Showing Elements (Shaded) whose Corresponding 
Alkoxides have been used in Sol-gel Processing
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Guglielmi and Carturan reviewed the function of the alkoxy groups at each stage of 
the sol-gel process with emphasis on their physical and chemical properties and their 
stability against hydrolysis. Sanchez and co-workers have reported on the metal 
alkoxide stabilisation to hydrolysis and the important parameters which define the rates 
of hydrolysis and condensation leading to different products and how this relates to the 
charge distribution and the metal coordination number Mehrotra reviewed recent 
advances in heterometal alkoxides leading to new materials.
Metal alkoxides contain bonds that are strongly polarised due to the electronegative (Ô-) 
character o f the oxygen atom and electropositive character of the metal atom (5+).
5+  6-
M  O   C
Electronegative metals within the range 1.5-1.3 (A , Ti and Zr) exhibit approximately 
65% ionic character when bonded to oxygen. Similarly, more electropositive metals 
within the range 1.2-0.9 (alkali and alkali earths) exhibit approximately 80% ionic 
character. However most demonstrate covalent characteristics, typically their solubility 
in organic solvents. The degree of polarity o f the M—O—C bond is largely due to the 
inductive effect (+1) of the alkyl group at the oxygen, which increases with branching and 
chain length. Naturally this also affects the physical properties o f the compound. 
Another postulated factor is the ease o f oligomerisation through dative bonding as 
depicted in Figure 1.2. This is expected to decrease with branching o f the alkyl group 
due to steric hindrance.
M
Fisure 1.2: Dative Bonding o f M etal Alkoxides
Polymerisation is manifested by the tendency o f the metal to increase its covalency by 
coordination with oxygen, which increases with the size of the metal atom. The degree 
to which the polymerisation takes place is generally small relative to typical organic
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polymers. Bradley reported a study of the products o f hydrolysis o f titanium 
alkoxides; which revealed that the degree o f polymerisation is unique and based on the 
assumption that the metal alkoxide adopts the smallest possible structural unit consistent 
with all the metal atoms attaining a higher coordination number. The structure is also 
limited by the condition that the coordination number o f oxygen does not exceed four. 
Deductions o f this theory are illustrated in Table 1.2 below
Table 1.2: Correlation between Coordination Number and Degree o f  
Association
Metal
Alkoxide
Coordination 
No. of M
Stereochemistry 
of M
Minimum Degree of 
Association
M(OR) 2 Linear (180°) 2
2 Bent (120°) 3
3 Pyramidal 4
M(0R)2 6 Octahedral infinite 3d  polym er
M(0R)3 4 Tetrahedral 2
4 and 6 Tetrahedral & 
Octahedral
4
M(0R>4 6 Octahedral 3 - 4
M(0R>5 6 Octahedral 2
M(0R)6 8 Cubic 2
In relation to the physical properties o f metal alkoxides, Bradley reported that the 
volatility o f metal alkoxides is governed by the size and shape o f the alkyl group. For 
example; for a homologous series o f monomeric metal alkoxides M(OR)x, volatility 
decreases with an increase in the «-alkyl chain length, whereas for that o f the isomeric 
series, a slight increase is observed. In the main, this revelation is not only due to the 
size and shape o f the molecule, but to its inter-molecular forces. The size o f the metal 
centre is also believed to have an influence It is for the reasons discussed, that metal 
alkoxides provide the ideal, flexible precursor for the processing o f sol-gels, which is 
discussed in Section 1.3.
Acohol Exchange (also referred to as alcoholysis or transestérification) follows the 
general formula:
M(OR)n +  xR’OH o  M(OR)n-x (OR’)x + xR’OH (1.6)
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in which there is replacement o f an OR group for an OR’ group. Alcohol exchange is 
dependent on:
(a) Interchangeahility o f  Alkoxy Groups which increases from tertiary to secondary 
to primary alkoxy groups as determined by Mehrotra and Verma for Ti(0R)4 (i.e. 
Me0>Et0>Pr'0>Bu^0). Alcoholysis reactions from a more branched alkoxy group 
to a less branched alkoxy group, can also be facilitated further if the product is 
sufficiently more associated than the reactant alkoxide.
(b) Steric Factors. The most plausible mechanism for alcohol exchange is an S n 2 -  
type scheme involving a four membered transition state as illustrated in Figure 1.3.
EtO OEtMeO E ta OEt
► Si
OEtOEt MeOMeOEtO
+ EtOH
OEtMeO
and so on + EtOH
OEtMeO
Fisure 1.3: - Proposed Sn2 Type Mechanism fo r  Alcohol Exchange
Bradley and co-workers have shown that such reactions are susceptible to steric 
factors by their attempt to measure the kinetics o f alcohol exchange in both titanium and 
zirconium alkoxides. NMR has shown that soon after mixing titanium tetraethoxide 
and ethanol at room temperature, only one ethoxy signal was observed; this highlighted 
the rapidity of the exchange. Conversely under the same conditions, the NMR 
spectrum for a mixture o f titanium /er/-butoxide and tert-butdinoX showed different types 
of methyl signals, indicating a slower rate of exchange, attributable to the relative size o f  
the alkoxy group. Alcohol exchange has been extensively studied and is considered to be
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an important method o f alkoxide production Van Bommel and Bernards 
reported that an acidic catalyst is necessary for alcohol exchange and Brinker 
observed substantial ester exchange o f TEOS in «-propanol, and further verified that 
alcohol exchange will dominate in multi-component systems consisting o f alkoxides with 
different alkyl substituents.
Alcohol exchange will yield a distribution of silane species of the variety;
(17)
which in turn will directly affect the subsequent hydrolysis and condensation rates of the 
materials formed; depending on steric and inductive effects. Brinker reported a great 
reduction in the hydrolysis rate following the displacement of an ethoxy group in TEOS 
by a propoxy group. Similarly, Bernards el a l used gas-liquid chromatography to 
examine exchange reactions between ethoxy groups o f TEOS and butoxy groups from 
n- and s- butanol and found longer gelation times. This was attributed to a lower 
reactivity towards hydrolysis. However on reacting the ethoxy groups o f TEOS with 
tert-hutoxy groups, no exchange products were found.
1.3 ALKOXIDE SOL-GEL PROCESSING
Electronegative alkoxy groups (see Section 1.2) render the metal atom prone to 
nucleophilic attack and are therefore reactive towards water, yielding hydroxides or 
hydrous oxides. This reaction forms the basis o f sol-gel chemistry. The reactivity o f a 
metal alkoxide towards hydrolysis and condensation depends on:
(a) the metal electronegativity,
(b) the metal coordination number and
(c) steric hindrance of the alkoxy groups.
Hydrolysis and condensation reactions can be summarised by:
M -O R  + HOH o  M -O H  + ROH (1 8 )
(hydrolysis)
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M - 0 H  + M - 0 R < f > M - 0 - M  + ROH (19)
(alcohol liberating condensation)
M - 0 H  + H 0 - M < - > M - 0 - M  + HOH (1.10)
(water liberating condensation)
In reality, equations 1.8 and 1.9 occur simultaneously and are generally incomplete 
and the overall combination o f the reactions ultimately leads to the formation of a metal - 
oxygen - metal bridge; the backbone o f any oxide ceramic structure. Continuation o f the 
process leads to an increase in the density and complexity of the backbone crosslinks. 
The factors that directly affect the relative rates o f the hydrolysis and condensation 
reactions (and indeed the order in which they occur, during which the initial 
microstructure is established, and hence the properties o f the gel and ceramic materials 
made therefrom) include the electronegativity o f the metal (see Section 1.2), pH (see 
Section 1.8.2), solvent type (see Section 1.8.3), water:alkoxide ratio (Rw) (see Section 
1.8.4), addition sequence and type o f catalyst (see Section 1.8.2). The range o f variables 
adds to the flexibility o f the process.
1.3.1 Hydrolysis of Si-OR
The most abundant metal is silicon (Si) comprising of 33% of the Earths composition. 
Akin to the sol-gel process, there are a number o f natural systems that yield polysilicate 
gels and particles resulting from the hydrolysis (and condensation) o f silicates (e.g. opal 
and agate formation Hydrolysis is widely believed to proceed via the nucleophilic 
attack of oxygen (from water) on the central silicon atom; a process evidenced by 
Khaskin using radio-labelled water, which yielded unlabelled alcohol.
Si-OR + H <=> Si-^^OH + ROH (1 11)
A general review of hydrolysis and its implications has been given Hydrolysis is
further complicated by varying key parameters which have resulted in the publication o f  
an innumerable quantity o f papers
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Due to steric factors, silanes with bulky R groups remain unaffected on exposure to air 
and immiscible with water when concentrated. This property is further complicated by 
silicon’s large electronegativity (En = 1.74) and a small partial charge (+0.34) making 
hydrolysis difficult. To overcome this, mutual solvents (e.g. alcohols) are often 
employed which also act as homogenising agents. However solvents may facilitate 
estérification (the reverse o f equation 1.9) and must therefore be considered during 
processing. Hydrolysis can be further facilitated by the use of acid or base catalysts in 
which the former, reversibly protonates the negatively charged alkoxide increasing the 
reaction kinetics by producing a better leaving group. Basic catalysts however provide 
better nucleophilic OH" groups for hydrolysis In the following sections, both 
methods o f catalysing the hydrolysis of alkoxysilanes for sol-gel processing are dealt with 
in greater detail. Pope and Mackenzie published results o f a systematic study of 
hydrolysis mechanisms resulting from the employment of different catalysts.
It is widely considered that the mechanism of hydrolysis proceeds via bimolecular Sn2 
type nucleophilic displacement, involving a pentacoordinated transition state 
James illustrated that an analogy to the mechanisms exists when high or low water 
concentrations are used.
Acid-Catalvsis o f  the Hydrolysis o f  Si-OR (see Fisure 1.4)
The employment o f an acid to enhance the hydrolysis o f metal alkoxides begins with an 
electron density shift from the central silicon atom, making it more electrophilic. This is 
caused by the rapid protonation of one of the alkoxy groups. Under such conditions, the 
silicon atom is more vulnerable to nucleophilic attack by water, which attacks from the 
rear o f the transition state and in doing so acquires a partial positive charge. The partial 
positive charge on the protonated alkoxy group is subsequently reduced yielding alcohol 
as the better leaving group. The process is concluded with the decomposition o f  the 
transition molecule, where the displacement o f ROH is accompanied by inversion o f the 
silicon tetrahedron.
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Fisure 1.4: Reaction Scheme for the Acid-Catalysed Hydrolysis o f a Si 
Alkoxide
The rate o f hydrolysis is further increased by smaller, less sterically hindered crowding o f  
R groups attached to the organosilane molecule. To a lesser extent, a similar affect can 
be achieved with the presence o f electron donating substituents which help stabilise the 
developing positive charges (see Figure 1.5)
RO
INCREASING ACIDITY 
(Electron Withdrawing)
INCREASING BASICITY 
(Electron Donating)
Fisure 1.5: Inductive Effects o f  Substituents Attached to Si
Acid-catalysed hydrolysis has formed the basis of much research Kawaguchi and 
Ono reported success in producing spherical silica in TEOS droplets by forming an 
emulsion with water using acid catalysis and Chou investigated the properties o f silica 
gels produced by high acid hydrolysis.
1-12
Chapter 1 Sol-gel
Base-Catalysis o f  the Hydrolysis o f  Si-OR (see Fisure 1.6)
As with the acid-catalysed reaction, the first step is the most rapid. Using basic catalysts, 
it is considered that the rapid dissociation o f water yields a highly nucleophilic hydroxyl 
anion, which proceeds to attack the silicon resulting in a partial negative charge. Brinker 
highlighted a discrepancy in proposals for the mechanism; Her and Keefer 
proposed an Sn2  type mechanism where a nucleophilic OH' displaces an alkoxy group 
with subsequent tetrahedron inversion.
Pohl and Osterholtz however, proposed either an SN2*~Si or Sn2**—Si mechanism as 
favouring a stable penta-coordinated transition state akin to the acid-catalysed version, 
which further decays to a second transition state. This results in one o f the OR groups 
acquiring a partial negative charge (Figure 1 .6). The displacement of an alkoxy anion 
may further be enhanced if it H-bonds with the solvent employed
Ô-
OH OH
OROR
OH + Si(ORX RORO
OR OR
OR
T.S.1
OR
OH
OR
5-
RO
OR
OR
T.S.2
Fisure 1.6: Mechanism fo r  Base-Catalysed Hydrolysis ofM etal Alkoxides
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(
In the mechanism, the Si acquires a negative charge in the intermediate, where both 
steric and inductive effects are important; electron withdrawing (-1) substituents should 
help to stabilise the negative charge on the Si, thus assist in the hydrolysis. Also as 
inversion of the tetrahedron is not required, it is feasible that the rate o f hydrolysis may 
further increase with extent of reaction.
Harris et al investigated base-catalysed hydrolysis-condensation reactions o f dilute 
and concentrated silica sols and concluded that the reactions were mainly affected by the 
nature o f the solvent, the extent o f H-bonding and steric effects. Furthermore, the 
product particle size tended to increase with the molecular weight o f the solvent, but 
monodispersity remained unaffected.
RE-ESTERIFICATION
It is plausible, that the hydrolysis reaction (Equation 1.8 on pl-10) may proceed in the 
opposite direction. That is, under acid conditions an alcohol or protonated alcohol may 
displace an hydroxyl group to produce water (and a similar effect may occur under basic 
conditions, by the liberation o f an alkoxide anion). This process is known as re- 
esterification, and is assumed to occur via a similar mechanism to the forward reaction. 
However, investigation by Vorankov yielded a mechanism involving a six-membered 
transition state. Whatever the mechanism, Brinker et al reported that under acidic 
conditions re-esterification proceeds to a greater extent than under basic conditions. 
From this Keefer concluded that the base-catalysed mechanism proceeds via an 
inversion, unlike the acid-catalysed version. Re-esterification is important during the 
drying o f gels because in many solvent systems, excess water can be completely removed 
via the azeotrope, having a higher vapour pressure than the neat solvent.
It was shown that although hydrolysis readily goes to completion under acidic 
conditions and a slight excess o f water, the dried gel may still be substantially esterified 
and has been extensively studied.
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1.3.2 Condensation
The polymerisation reaction (see Equations 1.9 and 1.10 on pl-10) for the formation of 
siloxane bonds (see Section 1.3) are alcohol- and water-liberating condensation reactions 
respectively. Both have been discussed in great detail Po.38,39,5i-53] with hydrolysis
(see Section 1.3.1) pH is crucial. The first sequence of the condensation reaction is the 
formation o f monomers, then dimers, linear trimers, cyclic trimers, tetramers and then 
higher order ring systems (that form the basis for the colloidal particles known to exist in 
aqueous systems).
Polymerisation requires both de-polymerisation (ring opening; the reverse o f Equations 
1.9 and 1.10 on pl-10) and an abundance o f monomeric species, which exist in 
equilibrium with oligomeric species and/or are generated by the de-polymerisation 
reaction. Her reported that the rate o f de-polymerisation is lower at low pH than in 
aqueous systems. Below the isoelectric point o f silica {ca 1.5 - 3.0), it is generally 
believed that the acid-catalysed condensation mechanism proceeds via a protonated 
silanol species. This renders the silicon atom more vulnerable to nucleophilic attack. Her 
also reported that silanols contained within monomers (or weakly branched 
oligomers) are most likely to be protonated, as they are more basic.
The mechanism involves a penta- or hexacoordinated transition state, resulting in both 
steric and inductive properties being important. The condensation rate will be enhanced 
by less sterically crowding substituents and/or substituents with electron donating (+1) 
character attached to the central Si. The reaction mechanism for the acid-catalysed 
condensation, may be as illustrated in Figure 1.7:
Martin and Garofalini discussed such mechanisms; it is understood, however, that 
extensive hydrolysis and condensation will de-stabilise the positively charged transition 
state in the acid-catalysed mechanism with the effect of retarding the condensation 
kinetics.
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Fisure 1.7: Possible Mechanism fo r  Acid-Catalysed Condensation
The reactive substituent of the molecules involved in the mechanism is the hydroxyl 
group. Therefore, except in the case of low water (Rw<0.5), the water-liberating 
condensation is more likely to occur than the alcohol-liberating condensation Akin 
to the acid-catalysed mechanism, the base-catalysed process is also believed to 
involve a penta- or hexa-coordinated transition state, and is widely accepted to involve 
the attack o f a nucleophilic deprotonated silanol species on a neutral silicate species. In 
the reaction scheme proposed by Her
SiO + Si(OH)4 S i - O - S i  + OH (1 12)
the acidity o f the silanol depends on the remaining substituents attached to the central Si. 
When basic OR or OH groups are replaced with OSi groups, the subsequent reduced 
electron density on Si has the effect of increasing the acidity of the protons on the silanol 
species. For this reason Her favoured reactions between larger, highly condensed 
species containing acidic silanols, and smaller weakly branched species. Near neutral pH, 
both protonated and deprotonated silicates exist and under such conditions, the 
condensation kinetics are maximised. These can be further increased by stabilising the 
negative charge on the Si, with the presence o f smaller, less sterically crowding OR 
groups and more electron withdrawing (-1) OH and OSi groups.
Swain et al proposed that condensation occurs by an SN2-Si type mechanism, in 
which the nucleophile approaches the rear of the Si, undergoing subsequent displacement 
of its hydroxyl anion. In this mechanism, the Si forms a stable pentacoordinated
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transition state (see Figure 1 .8) DufFours et al used FT-IR to investigate the 
irreversible condensation driven under isostatic pressure using a Hg porosimeter. Yoldas 
[58,59] jjivestigated the mechanism of condensation in great detail and discussed various 
parameters which introduce structural variations.
OR
OR
Si - OH + OH — ► =  SiO" + HOH
OR
OR 
T.S. 1
OROR
OROR5-,
=  SiO
OROR
OROR 
T.S. 2
+ RO
Fisure 1.8: Possible Mechanism fo r  Base-Catalysed Condensation
1.3.3 Gelation
Gelation occurs by the continuation o f condensation (described in Section 1.3.2) via 
dimers, linear trimers, cyclic trimers, cyclic tetramers and higher order rings, which 
accumulate to yield clusters or aggregated oligomers and polymers (particles). With the 
formation of more siloxane linkages, collisions between the particles ultimately produce 
one, single large particle. This is the gel and it extends in a three-dimensional fashion. 
As with other stages o f the sol-gel process, the formation o f siloxane linkages is 
dependent on many factors. Arroyo et al however, produced a master behaviour for
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the gelation profile of salt-catalysed silica sols under conditions where both temperature 
and pH were specified.
At this stage, the gel will remain composed within the sol phase, itself containing smaller 
particles and polymers, which continue to develop by the process described above, 
continually changing the structural integrity o f the matrix. With time, the particles 
themselves become connected to the gel, which is only complete when the final siloxane 
bond between two large particles is formalised. Hench and West employed the semi- 
empirical quantum calculations o f ‘Intermediate Neglect of Differential Overlap’ (INDO) 
to study particle formation, concluding that polycondensation is a process which favours 
closed tetrahedra rather than linear chains.
Characterising the point of gelation is difficult and hence controversial. Past methods 
have included defining a pre-determined sol viscosity, using measurements o f elasticity 
and more elaborate methods include viscoelastic behaviour measurements as a function 
of shear rate By far the simplest method is to describe the point o f gelation as that 
point when the solution does not pour when the vessel is tipped. Brinker highlighted 
that two main theories exist for the process o f gelation, namely; the classical theory 
(Flory and Stockmayer) and the percolation theory.
The theories are contradictory. The former states that gelation occurs without the 
formation of loop systems and is explained by assuming siloxane bonds only form 
between polymers and not within them. The latter theory accounts for the formation of 
intra-molecular interaction thus the formation o f loop systems
1.3.3.1 Gel Classification
Gel classification is usually according to the disperse medium used. For example; 
aqua or hydrogel for water and alcogel for alcohol. However, there are two further 
types o f gel which can be prepared depending on the method o f post-gel treatment.
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Xerogels are produced when the inter-penetrating sol medium is removed with 
simple evaporation at elevated temperature. Here the formation of liquid-vapour 
interfaces within the gel pores creates an accumulation o f concave menisci, 
resulting in the partial collapse o f the pores and sometimes significant shrinkage. 
The magnitude of the capillary pressure (pc) exerted on the surrounding network 
depends on the surface tension of the liquid (f), the contact angle (0) and the 
pore size (r^ ) and can all be related by:
Pc = 2y. c o s0 /r p  (113)
If Tp is small, pc is larger (>60mPa). Only when the structural integrity is 
sufficiently strong can it withstand such forces. Pore collapse then stops and the 
resultant porous solid is called the xerogel.
Aerogels are produced when the inter-penetrating sol medium is removed under 
its hyper- or super-critical conditions. In an autoclave the pressure is raised until 
the liquid becomes a fluid, with the absence o f liquid-vapour interfaces being 
formed at any time. This allows capillary pressures to be completely eradicated 
during the drying process thus no shrinkage is observed in the gel and it remains 
monolithic. Such gels contain large amounts of air, homogeneously dispersed 
within the structure and yields materials that are approximately 95% porous 
(depending on the other synthesis parameters).
Whist both aero- and xero-gels can be transparent in appearance, aerogels have higher 
surface areas, lower densities, larger pores and greater pore volumes
1.4 AGEING OF GELS
In sol-gel processing, ageing is related to the temporal structural changes that take place, 
which directly affect the properties o f the final article. Ageing can take place at room 
temperature or can be enhanced under super-critical conditions (see Section 1.6.2). In 
Section 1.3.2 and 1.3.3, the reactions which cause gelation were discussed and these 
reactions continue well after the gel point has been reached. A comprehensive overview 
of this area has been given As a result o f this, shrinkage, strengthening and
_
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Stiffening of the network takes place. Pore coarsening by dissolution and re-precipitation 
and/or phase changes may occur. All are dealt with in more detail later and have a 
significant effect on the material produced as explained. Dahmouche et a l showed 
that thermally-induced ageing can significantly improve the production o f crack- and 
fracture-free silica monoliths Davis et al looked at the effect o f ageing wet, base- 
catalysed silica gels in alcohol which induced structural re-arrangement. The effect of 
this was an increase in surface area and a decrease in the pore size. The reverse was 
observed, however, when the gel was aged in water, giving rise to surface hydrolysis of 
unreacted alkoxy groups.
1.4.1 Coarsening or Ripening
This is a process mainly driven by dissolution and re-precipitation and is dependent on 
the differences that exist between the solubility {S) o f solid surfaces of different radii of 
curvature rn:
S = So. exp (2ysL. Vm /  RT) (114)
where So is the solubility of a flat plate o f the solid, ysL is the solid-liquid interfacial 
energy, Vm is the molar volume o f the solid, R is the ideal gas constant and T is the 
absolute temperature (K). Coarsening has already been discussed in great detail in 
the context o f theoretical aspects o f ageing. Mulder et al used TEM to study the 
densification o f silica aerogels by Ostwald ripening (see Figure 1.9).
The radii o f curvature o f particles is positive (rn>0) and are therefore more soluble than 
flat plates made of the same material. It also follows that the smaller the particle the 
more soluble it is. This allows smaller particles to dissolve causing the solute to 
precipitate onto larger particles. In between particles, rn<0 and the solubility is very low 
leading to the accumulation o f material and the formation o f necks.
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Net transport
Fisure 1.9: Gel Surface at the Start o f  Stage 1 Drying and Ostwald Ripening
Einarsrud et al and Grande reported that coarsening actually caused less concave 
neck curvature by facilitating de-hydroxylation causing larger pore sizes. The net result 
of dissolution - reprecipitation is a reduction in the radii of curvature of the solid phase; 
small particles disappear and small pores are filled in, hence the interfacial area decreases 
whilst the average pore size increases. This process is known to alter the porosity of  
silica gels Under such conditions, shrinkage does not occur as the centres o f the 
particles remain apart. In order to overcome this, material accumulated between them, 
must be removed.
The development and growth of ‘necks ’ between particles adds to the strengthening and 
stiffening o f the gel, as shown in Figure 1.10. The rate o f the coarsening depends on the 
same factors that govern solubility; pH, concentration, solvent and temperature. The 
extent o f shrinkage depends on the flexibility (stiffness) o f the network.
Fisure 1.10: A Schematic o f ‘Neck’ Formation between Particles
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During the process of ageing one or a number of phase changes may occur and 
segregation of the liquid into two separate phases is possible. An example of this is best 
illustrated in base-catalysed systems, where there may be regions of unreacted alkoxide. 
When a gel o f this nature is soaked in pure water, it turns opaque and white, which is 
due to the segregation of partially-reacted alkoxide. Separation of the solid from the 
liquid phase may also occur. This is known as syneresis, defined as the spontaneous 
expulsion of liquid from the pores of a contracting network
1.4.2 Shrinking and Svneresis
Continuation of the condensation process (and H-bonding) leads to the formation of new 
siloxane linkages. In a particular system, structure is controlled by the compromise 
between attractive Van der Waals forces and electrostatic repulsion. Thus the extent of 
shrinkage can be controlled by the addition of an electrolyte. Smith et al have 
provided a model for gel shrinkage during the drying process and compared their results 
to empirical ones for silica.
Figure 1.11 shows schematically how the shrinkage process is bought about by the 
formation of M-O-M bonds; the basis of which is that metal-oxygen bonds take up less 
space than the two M-OH groups from which it is formed. Therefore the structure would 
contract.
HO.
OK
.OH
Fisure 1.11: A Schematic Illustrating Syneresis with Elimination o f Water
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By following the kinetics of shrinkage, Klimentova et al showed that there is an initial
‘induction period’ during which no shrinkage occurs. This is followed by a rapid 
increase and further succeeded by an eventual decrease. The process is dependent on pH 
At pH 1.7 gelation time is longest and syneresis is slowest. This pH is the 
isoelectric point o f silica (i.e. the point at which the surface charge is zero) and the rate 
of condensation is least.
It should be noted that the isoelectric point depends on the nature o f the acid used. As 
the structural network o f the gel develops and grows, it moves and extends throughout 
the liquid. This is required for shrinkage. It is easy therefore to appreciate that the 
kinetics of shrinkage is dependent on the mechanical properties and permeability o f the 
network as well as the viscosity o f the liquid.
These factors are believed to account for the observation that shrinkage occurs less at
higher temperatures and is explained well by Brinker who is quoted as saying,
‘suppose that an increase in temperature raises the reaction rate by a factor 
of ten, but only reduces the viscosity by a factor of two. The network may 
not be able to shrink ten times faster, because the liquid cannot be squeezed 
out quick enough.’
Scherer also illustrated that shrinkage for larger gels is slower than that for smaller
gels and accounts for this with the following reasoning;
‘as the gel contracts, a compressive load is subjected to the pore liquid 
forcing it out o f the bulk. If the gel is small enough, the liquid escapes with 
ease, but if it is large, a large pressure gradient is needed to drive the liquid 
to the surface. ’
It is important to appreciate that the mechanical properties of gels dramatically change 
with the formation o f new bridging bonds during ageing and shrinking. It appears that 
the contraction brings reactive M-OH groups within close proximity so that further 
condensation (which is irreversible) takes place. For this to take place ‘flow’ must occur 
within gel pores and there are a number of important driving forces Three o f
these are osmosis, disjoining forces and capillary forces. These are now discussed.
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Osmosis is a process o f diffusion controlled by a chemical potential gradient. Such 
conditions are established for example, when a solute-rich solution is separated from a 
solute-deficient solution by a membrane which only allows the passage o f the solvent, 
not the solute. This type o f system was illustrated clearly by Yoldas using a sol o f 
alumina in water encased in a permeable membrane contained in alcohol. In sol-gel 
systems the gel network itself acts as the membrane which permits passage of the pore 
liquid whilst providing frictional resistance to the movement o f it
Disjoining Forces arise from the presence o f solid-liquid interfaces. The most important 
examples of these are illustrated by the repulsive forces established between surfaces that 
are charged. As seen with water molecules at a solid interface, a specific orientation is 
adopted at the surface where the interaction is o f sufficient strength to avoid ‘freezing.’ 
Such structured layers prevent surfaces coming into proximity by the resistance o f  
overlapping. This is important during evaporation which results in bringing solid 
surfaces closer together. Under such conditions electrostatic repulsion arises, which 
when coupled with hydration forces and solvent structure, resist the contraction o f the 
network. Therefore the pore liquid will slowly migrate (diffuse) from within the enlarged 
interior o f the gel towards the exterior. Thus an osmotic flow is established as described 
above.
Capillary Forces are associated with the energy created by atoms at the surface o f solids 
which differs greatly from those composing the bulk. When the energy associated with a 
solid-vapour (ysv) interface is greater than that of a solid-liquid interface (Ysl) , liquid 
tends to flow over the exposed solid surface. Under such conditions, the liquid has two 
interfaces; solid-liquid (Ysl)  and liquid-vapour (Ylv) , so the energy difference AE can be 
expressed as;
AE = Ysl + Ylv - Ysv (11^ )
If AE<0 the energy o f the system is reduced resulting in the liquid spreading and 
spontaneously covering the surface. If this is not the case the coverage will be 
characterised by a contact angle (0) (Figure 1.12). At the point o f intersection a balance 
of all the surface tensions can be related by Young’s Equation;
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Ysv — Ysl + Yl v ‘COS (0) 
where if 0 = 0 , the liquid is said to be a spreading liquid.
(1.16)
L iq u id
Solid ^
t.v
sv
•S V
FÎ2 ure 1.12: Surface Tension o f a Liquid at an Angle (^) with a Surface
A liquid rises up within a capillary tube because in doing so, it gains energy by replacing 
a solid-vapour interface with a solid-liquid interface and therefore has to do ‘work’
against gravity [10]
1.5 DRYING OF GELS
Gel drying is probably the penultimate stage o f sol-gel processing. In recent times there 
has been a large amount of material published by Scherer and co-workers who 
discussed in great mathematical detail the theories associated with drying. However, 
some of the earliest studies on drying were published by Sherwood whose work 
was complemented by reviews
The drying of gels involves the removal of solvent and residual organic species from the 
network of the gel either by evaporation leading to the xerogel, or by the process of 
solvent extraction leading to the aerogel. Both can be accomplished using a variety of 
techniques. Takahashi et al reported that drying has a greater effect on macro pore 
structure than micro pore structure. There are several stages involved in the drying 
process of sol-gel systems (or porous solids) and each are outlined below
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1.5.1 Stage One
This is referred to as ‘the constant rate period' and is so-called because the rate of 
evaporation per unit area of the drying surface is independent of time. Furthermore, the 
reduction in the volume of the gel is equal to the volume of liquid removed by 
evaporation.
Figure 1.13 illustrates the surface of a gel at the beginning of stage 1 drying and results 
from the combination of drying studies and pore analysis studies
Bound water layer
■...Pore (8.3nm diameter)
“ SiIlea network
Total pore area = 91% 
Total siliea area = 9%
8.3iun Diaineter Meniscus radius r„
   Pore wall
•—-Pore liquid
(nm)
Fisure 1.13: A Schematic Representation o f a Gel Surface at the Start o f  
Stage 1 Drying
Initially the surface is largely water-free and separated from a small area of gel network 
which is bound by water. As this water slowly evaporates, the solid network is drawn 
closer together and strong capillary forces are thus established causing shrinkage and 
subsequent deformation of the network. The bound-water is not removed until much 
higher temperatures in the stabilisation regime.
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This behaviour is particularly apparent in gels composed of large pores, prepared from 
either colloidal precipitation or base-catalysed gels (yielding pores greater than 2 0 nm in 
average diameter) More recent studies illustrated that for alkoxide gels prepared 
under acid-catalysed conditions (with pores less than 2 0 nm in average diameter), the 
drying rate during stage 1 drying is not constant, but substantially reduced. This 
phenomenon is believed to be attributed to changes in the pore radii which occur during 
drying, causing reductions in the vapour pressure o f the liquid contained within small 
pores. During stage 1 drying the greatest changes in the gel properties are observed 
(volume, density, weight and structure) and eventually ends when shrinking ceases, a 
model for which is provided by Smith et al As the gel continues to shrink, the 
structure becomes densely packed and stiffer, resisting flexibility and further shrinkage. 
In classical drying theory, this stage is called "the critical point ’ As the network 
resistance increases, a decrease in the radii o f the menisci occurs until the contact angle 
eventually tends towards zero and the radii equals that of the pore. Under such 
conditions, the greatest capillary pressure is formed, where unable to contract any 
further, liquid transport towards the surface o f the gel takes place and the pores begin to 
empty. This marks the end of stage 1 drying and the start of the second stage o f drying.
1.5.2 Stage Two
During this stage o f the drying process, liquid transport occurs by the thin liquid films 
that line the pores leading to the surface, where evaporation takes place. The driving 
force for the liquid flow is the gradient of capillary stresses; ambient vapour pressure 
being lower than inside the pores. In classical drying theory, this is referred to as ‘the 
first falling rate period  ’ as the rate of evaporation here is much reduced. Gels at this 
stage are seen to turn opaque with the changes occurring at the edges and progressively 
move inwards to the centre. There are several reasons thought to account for this, 
including phase separation. However the most plausible is that put forward by Shaw 
that in the process of emptying, isolated pores (or groups of pores) do so in such a 
dimension that they are able to scatter light.
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1.5.3 Stage Three
This stage is probably the hardest to identify and is best done when transparency is 
regained. When the pores are substantially emptied of liquid, to the extent that the thin 
films lining the pores can no longer be sustained, the third stage o f drying is reached. 
Any liquid that remains at this stage can only be removed by evaporation within the 
pores, leading to the diffusion of the vapour produced to the surface. This is classically 
referred to as ‘the second falling rate period  ’ where the dimensions o f the gel are 
unaffected and the only changes are the establishment o f an equilibrium caused by a 
gradual and progressive weight loss. Equilibrium is determined by the partial pressure of 
water and the ambient conditions o f the gel.
1.6 AVOIDING GEL FRACTURE
During the drying of a porous gel, pressure differences {Ap) develop throughout the bulk 
which are caused by differences in the evaporation rates, leading to an overall pressure 
gradient. Ap across liquid-air interfaces for menisci in the pores o f drying gels is given by 
the Laplace equation :
Ap = 2y. COS0 /  Tp (1.17)
where rp is the pore radius, y is the surface tension o f the liquid and 0  is the contact 
angle at the liquid-solid-air interface. The development o f capillary pressure and the 
situation where the exterior of the gel shrinks faster than the interior, permit tensile 
stresses to develop which act on the walls o f the pores, leading to the collapse of 
capillaries and the formation o f cracks. Cracks only occur when the stresses in the 
network exceed its strength. In most cases it is favourable to dry gels without cracking 
and a number of ways have been developed to do this, some o f which are discussed 
below.
It has been shown that ageing gels in their own pore liquid prior to drying can strengthen 
the network and reduce the risk o f crack formation. The process can be accelerated 
significantly under severe chemical conditions, where the rate o f condensation between 
M-OH species is enhanced. Mizuno et al illustrated that silica gels could be dried five
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times faster after soaking in concentrated HCl or NH 3  for 24h, resulting in stronger and 
stiffer gel networks Dahmouche et al also showed that fracture-free silica gels 
could be obtained provided the drying conditions are correct.
1.6.1 Drying Control Chemical Additives (DCCAs)
It has been demonstrated for both particulate and alkoxide-derived gels that 
cracking is reduced by the addition o f surfactants, although not necessarily eliminated. 
Another group o f chemicals is also reported to permit faster drying times and crack-free 
gels; "Drying Control Chemical Additives (DCCA). ’ A good example o f a DCCA is 
formamide (NH2CHO) which has been used to replace approximately half o f the solvent 
used to prepare alkoxy-derived silica. Shoup and Wein produced monolithic silica 
from alkali-metal silicate solutions by adding formamide before gelation. The resulting 
gels are normally harder, with larger and more uniform pore size; all o f which reduce 
cracking. With the employment o f formamide as a DCCA, it is important to appreciate 
the effect o f its pH on the system. One of the main disadvantages of using it, is the 
difficulty o f removing it upon heating. Oxalic acid is another DCCA and is reported to 
yield narrower and larger pore size distribution.
The success o f the additives is attributed to a coarsening of the micro structure and 
strengthening o f the network. It is considered that they provide a medium through which 
the pore liquid can diffuse resulting in a reduction o f the pressure differential (discussed 
in Section 1.6).
1.6.2 Supercritical Drying (SCDI
This is sometimes referred to as hypercritical drying. Since cracking is caused by 
capillary forces, the basis for this method o f drying is to eliminate the liquid menisci 
(liquid-solid interface) within the pores. Devised by Kistler the procedure is carried 
out in an autoclave where the pore liquid is removed above its critical temperature (Tc) 
and critical pressure (pc) creating the aerogel. An overview of the process is provided 
by Gesser and Goswami The wet gel is placed into the vessel which is heated (such
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as that depicted in Figure 1.14) in such a way that the phase boundary is not crossed. 
Once the critical point has passed, the solvent is vented at a constant temperature (>Tc). 
The process allows the formation o f monolithic samples whose volume is equal to that of 
the starting gel. Table 1.3 gives values o f pc and Tc o f some common liquids:
Table 1.3: - Critical Data o f Typical Solvents used in SCD
Substance Formula Tc(K) Pc (MPa)
Carbon dioxide CO2 304.1 7.36
Freon 116 CF3 CF3 292.7 2.97
Methanol CH3 OH 513.0 7.93
Ethanol CH3 CH2 OH 516.0 6.36
Water H2 O 647.0 22.0
Fisure 1.14: Heating Regime for Super Critical Drying (SCD)
Kistler found that the silica gel would dissolve under super-critical conditions when the 
pores of the gel contained water, which he overcame by exchanging the liquid with 95% 
ethanol Although the technique provides good results for silica, it is very expensive, 
because o f the high temperatures involved. And with the necessary high pressures, it is 
also dangerous. It is therefore convenient to exchange the pore liquid for something 
with a much lower critical point (e.g. carbon dioxide (see Table 1.3): Tc = 304K and pc 
= 7.4 MPa) which allows the procedure to be performed near ambient conditions.
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SCD has been extensively employed for drying gels, with porosities up to 90% being 
achieved Monolithic silica was first produced by SCD by Woignier and was 
independently developed by Tewari et al for producing large windows Teichner 
used it in 1986 for producing single oxides o f SiOz and AI2O3 and mixed oxide; AI2O3, 
Cr203 , Ti0 2 , MgO powders with high surface area and porosity, with applications to 
catalyst supports and rocket propellants. SCD following CO2 exchange has even become 
a standard technique for preparing biological samples for TEM examination
1.6.3 Freeze-Drving
This method has largely been exploited in the food industry, but also provides an 
alternative way of avoiding the presence o f liquid-vapour interfaces. Here the pore liquid 
is first frozen and the solid removed under vacuum by sublimation. However, this 
method does not allow the production o f monolithic gels. The reason for this can be 
explained by the process of rejection; as the crystals grow within the pores they reject 
the network, pushing it out o f the way until breaking point. This process has itself been 
exploited for crystal growth within gels. When silica is dried under these conditions, it 
results in ‘flakes’ which are sometimes referred to as lepidoidal silica.
1.7 DENSIFICATION
Densification is the final treatment stage of the sol-gel process and largely depends on 
the application of the final article. Depending on the pore structure (radii and surface 
area) of the gel, densification occurs between 1273 and 1973K and involves the closure 
of the pores only once the pore liquid has been properly removed, especially if shape- 
retention is important.
One o f the main advantages the sol-gel process has over conventional glass is the much 
enhanced molecular homogeneity, allowing densification at much lower temperatures to 
yield glasses that would otherwise have crystallised. With this in mind, it is possible to 
produce monolithic, dense gel-derived glasses using furnaces and sometimes a vacuum, 
without applying pressure or heating to the melting point. The transition from gel to
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glass has been discussed The start o f the densification process is determined by
the amount o f water in the gel, which directly affects the viscosity. For example, 
Nogami and Moriya showed that an acid-catalysed gel has a higher surface area and 
water content, and therefore begins to density about 473K earlier than a base-catalysed 
gel. Densification o f acid-catalysed systems was also studied by Dahmouche et al 
The driving force for the process is the reduction in surface area. However it has been 
reported that densification begins with an initial increase in surface area (water and 
organics removal), followed by a decrease with further temperature Duffours et aP^  ^
showed that irreversible densification can be uniformly obtained under isostatic pressure 
from a Hg porosimeter.
It is generally believed that during densification, the smaller pores close preferentially, 
due to their small radii o f curvature. Brinker and Scherer discussed at least four 
mechanisms for the densification o f gels;
(i) capillary contraction
(ii) condensation
(iii) structural relaxation
(iv) viscous sintering
although it is plausible that during this complex process, several o f the mechanisms occur 
simultaneously. Brinker further reported that for amorphous materials, densification 
occurs by "viscous sintering," whilst that o f crystalline materials occurs by diffusion.
Using three different models it is possible to describe the sintering behaviour o f gels. 
Frenkel’s theory was derived for spheres, and because o f the geometrical assumptions 
it makes, it is valid only for the early stages of sintering. The theory suggests that the 
rate of densification can be found by equating the rate o f change in the surface energy to 
the rate o f energy dissipated.
Scherer took this understanding a step further and developed an additional theory, 
which discussed the early stages and the intermediate stage of sintering. It suggested 
that the microstructure o f the gel consists of cylinders intersecting in a cubic 
arrangement, which become shorter and thicker to reduce their surface area. The final
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stages o f the densification process is represented by the Mackenzie-Shuttleworth model, 
however this only applies to systems composed of closed pores. Collectively the three 
models describe the whole sintering process accurately. However Scherer and co­
workers believe more work needs to be done to assess completely the chronological 
ordering and applicability o f each mechanism
1.8 PARAMETERS of CONTROL
Each section of this chapter has dealt with the many parameters and stages o f the sol-gel 
process in some detail, providing an insight into the complexity o f the technique, its 
chemistry and its flexibility. The following section attempts to specifically target some of 
the more dominant processing parameters and their effects on the chemistry, which 
account for the final properties of the articles that sol-gels produce. Yoldas reviewed 
the effect of molecular separation / dilution, Rw, solvent, concentration o f catalyst, 
reaction time and temperature on the hydrolytic polycondensation of TEOS, and showed 
the importance and effect of such parameters. Yoldas concluded that higher 
temperatures, longer reaction times, higher [ET] and higher Rw values all shift the 
molecular size o f the polymers to higher sizes. Pope and Mackenzie studied the 
effect o f catalysts and reviewed the literature on the applications o f systems using the 
different catalysts. The effects on gelation time (tg), porosity, density and volume 
shrinkage was studied. Schmidt reviewed the chemistry of sol-gel derived material 
preparation and the role of the various parameters
1.8.1 Precursors
Figure 1.1 showed the number o f elements in the Periodic Table whose corresponding 
alkoxides can be prepared, offering a vast array o f possible sol-gel systems or 
combinations of systems. Primarily the effect of the metal centre on the product requires 
careful consideration, as does the effect o f the relative rates of hydrolysis and 
condensation which is an integral part o f the whole process. The nature o f the alkoxy 
leaving group is important as is the alcohol that is formed as a result of hydrolysis.
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The rate o f hydrolysis o f metal alkoxides is largely affected by steric effects of the alkyl 
chain: alkoxides o f a lower molecular weight hydrolyse preferentially to those of a higher 
molecular weight To a certain degree, the nature o f the alkoxide employed, also 
dictates the type o f catalyst used. By far the most common precursors used in sol-gel are 
the tetraalkoxysilanes, namely tetraethoxysilane and tetramethoxysilane (TEOS and 
TMOS respectively), the functionality of which can be radically altered accordingly. 
That is, the number o f potential sites capable o f forming Si-O-Si linkages can be 
organically derivatised to impart specific properties. For example organoalkoxysilanes or 
diorganodialkoxysilanes in which the organo- derivative represents a non-hydrolysable 
substituent. However consideration here must be given to reaction kinetics and 
compatibility to other network forming components in multi-component systems, as well 
as solubility and thermal stability. The concept yields the potential to design and 
synthesise an unlimited range o f new materials
Much o f the work within this field has been pioneered by Schmidt and co-workers and is 
often related to the synthesis and processing of ORganically M o dified SILaneS 
(ORMOSILS) leading to the formation o f ORganically M odified CERamicS 
(ORMOCERS). These are a class o f materials which represent hybrid systems 
composed of several precursors. Typically the inclusion of epoxides into silicate 
networks to impart strength and wear resistance.
1.8.2 Catalyst
Pope and Mackenzie published a systematic study o f the effect of catalysts on the 
hydrolysis and condensation o f TEOS using four equivalents o f water. In addition to 
reporting catalytic effects as a function o f gel time, they also reported that as a conjugate 
base, F" (which is similar in size to OH ) has the ability to increase the coordination o f  
silicon above four. With this in mind, they added that the properties o f HF-catalysed gels 
exhibit similar properties to those catalysed by OH'. Table 1.4 shows the results of their 
findings. In fact it was Nogami and Moriya who first compared the effect o f the base 
NH4OH and the acid HCl, on the hydrolysis of TEOS. Sakka et al also reported 
transitions of sol-gel using different catalysts (and Rw values) Arroyo et a l
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discussed the effect of pH and temperature on salt-catalysed silica sols in order to predict 
gelation profiles and Titulaer et al investigated the increase in pH of porous silica gels 
in terms o f solubility
Yoldas reported using mineral acids as effective catalysts, which cause the reaction 
liquor to increase temperature due to the exothermicity o f the reaction. The type of 
catalyst employed (and Rw) dictates the orientation, shape and size o f the sol-gel 
network that is formed; as the electron-donating (+1) effect o f the alkoxy ligand 
increases, so too does the partial charge o f the alkoxy group. Therefore with acid 
catalysis, OR groups are protonated with less ease as the connectivity of adjacent Si 
atoms increases. Acid-catalysed condensation is directed preferentially towards the ends 
of oligomeric species, resulting in chain polymers. Whereas, under base-catalysed 
conditions, Si-0' species are directed more towards the middle o f oligomers leading to 
more compact and highly branched species These results were found to be in 
agreement with Klemperer and Ramanurthi using a Flory-Stockmayer theory
Table 1,4: Effects o f Catalysts on tg o f TEOS Hydrolysed with Four 
Equivalents o f Water
Catalyst Concentration
(mol:TEOS)
Initial pH tg (h)
HF 0.05 1.90 12
HCl 0.05 0.01-0.05 92
HNO 0.05 0.01-0.05 100
H2SO4 0.05 0.01-0.05 106
HOAc 0.05 3.70 72
NH4OH 0.05 9.95 107
No catalyst - 5.00 100 0
(a) Acid Catalysis
At low pH {ca <pH 2) the rate o f hydrolysis is large compared to that o f base catalysis 
and is believed to be proportional to the acid concentration, the alkoxide and water.
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For Rw values greater than 4, hydrolysis is expected to be complete rapidly and 
condensation proceeds randomly via reaction-limited-cluster-cluster aggregation 
once the monomers are depleted, leading to weakly branched structures and is 
irreversible.
For Rw values less than 4, condensation is believed to begin before hydrolysis is 
complete and also proceeds via a cluster-cluster process. Under these conditions 
unhydrolysed OR groups effectively reduce functionality where unreacted 
monomers are preferentially hydrolysed leading to the formation o f a weakly 
branched random network as depicted in Figure 1.15a
Around pH 2 appears as a metastable region since it represents the point o f zero charge 
(where the surface charge is zero) for silica and the isoelectric point where the electrical 
mobility is zero. Since the solubility and size dependent solubility o f silica is low under 
these conditions, particle growth ceases around 2-4 nm. Fardad et al investigated 
the use of acid-catalysed TEOS gels for the preparation of thin films.
(b) Base Catalysis
Here the reverse o f acid catalysis is true;
For Rw values greater than 4, hydrolysis is expected to be incomplete and is the 
rate determining step. Dissolution reactions occur preferentially at weakly 
branched species providing a continual supply o f monomer. Condensation 
therefore occurs via monomer-cluster growth where OH' ions are replaced with 
weaker (RO)sSi-O' type bases, yielding structures quite different from that 
obtained by acid catalysis (see Figure 1.15b) The polymer acidity increases 
leading to the condensation of small Si(0 H)4 (monosilicic acid) units onto larger 
units or particles o f colloidal dimensions. When [Si(0 H)4] decreases, de­
polymerisation takes place allowing larger particles to grow at the expense of 
smaller ones, thus the equilibrium is maintained.
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Using Rw values less than 4 causes cluster growth incorporating unhydrolysed sites 
(poisoned sites) and usually produce uniformly porous materials. Under these conditions 
(particularly above pH 7), particles between l-2nm are produced within a few minutes 
because the deposition rate is high owing to the increased solubility of silica when it is 
ionised. Growth occurs by Ostwald Ripening and stabilisation occurs when the 
comparatively dense particles reach sizes of 10-15nm
Fisure 1.15: Sol-gel Structures Formed with (a) Acid- and (b) Base- 
Catalysis
1.8.3 Solvent
Much work investigating the effect o f solvents on various stages of the sol-gel process 
has been published by Yoldas and co-workers and independent studies have also 
been reported by Bernards and co-workers it has been reported that increasing
the amount of solvent changed the molecular separation o f reactive molecules by diluting 
the system. Therefore the statistical probability o f chemical interactions (which 
determines size and shape) is altered dramatically Interestingly Kawaguchi and 
Ono did not employ a solvent allowing the immiscible TEOS and water system to 
form an emulsion which produced spherical silica particles with an Rw<2. Solvents fall 
into four categories; polar, nonpolar, protic (containing removable hydrogens) and 
aprotic. Polarity, dipole moment and the availability o f labile hydrogens needs 
consideration when choosing a solvent.
More polar solvents (water, alcohol or formamide) are most often used to solvate polar 
tetrafunctional species in sol-gel. Non-polar solvents, like THF, may be used to facilitate 
solvation of alkyl substituted species. The dipole moment o f the solvent determines the
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distance over which it affects surrounding molecules; the lower the dipole moment, the 
greater the distance.
The availability of labile hydrogens determines whether anionic or cationic species are 
solvated strongly by H-bonding; hydrolysis is catalysed either by hydroxyl (>pH 7) or 
hydronium (<pH 7) ions, solvent molecules that H-bond to either reduce their catalytic 
capacity. Therefore aprotic solvents that do not H-bond to hydroxyl ions make them 
more nucleophilic. The reverse is also true.
The extent of re-esterification and/or alcoholysis can also be affected by the choice of 
solvent. Due to the lack o f available electrophilic labile hydrogens, aprotic solvents do 
not participate in re-esterification or hydrolysis, and are unable to be deprotonated to 
form the necessary nucleophiles. Therefore by comparison to alcohol, solvents such as 
THF are considerably more inert and are excluded from the formal sol-gel reactions. 
More recently the use of DCCA’s as co-solvents to enhance the drying stages o f the sol- 
gel process have been employed with great success. However, important considerations 
have to be given here to surface tension and vapour pressure properties.
In sol-gel processing the primary reason for employing solvents is to act as a mutual 
solvent, solubilising the alkoxide and water. An additional advantage o f solvents is to 
enhance homogeneity. In fact the amount o f solvent present in the reaction mixture will 
determine the extent of molecular separation between reactive species, thus altering the 
rate o f condensation. This was supported by Chang and Ring who showed that the 
amount o f alcohol present within a TEOS-H2O system directly affected tg resulting from 
dilution effects. Interestingly, Avnir and Kaufman however, suggest that the 
employment of solvents are unnecessary, and further suggests that the alcohol produced 
as a result of the alcohol liberating condensation (Equation 1.9) is sufficient to fulfil the 
roles described above. Alcohol exchange (see Section 1.2) occurs when an alcoholic 
solvent is used with alkoxides containing a different alkyl group. Bernards et al 
have reported detailed studies on the effects of alcohol exchange on TEOS-based 
systems.
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1.8.4 HiO : Alkoxide Ratio (Rw)
In the past, there has been a great deal o f interest in the effect of Rw in sol-gel systems. 
A general account of the effect of water concentration is given by Brinker Yoldas 
conceded that the effect of [H2O] is most important in determining the chemical make­
up, morphology and size distribution o f sol-gel systems. This was also confirmed by 
Zotov et al who investigated the effect o f water concentration on silicate glasses 
using neutron diffraction. Strawbridge et al investigated the effect o f varying Rw 
between 2  and 50 o f acid-catalysed, TEOS-derived sols on the structure of the gels 
produced. They concluded that with higher water contents, re-arrangement o f the 
polymeric species occurs leading to small densified particles. Whereas in the case o f low 
water contents, gelation takes place by entanglement of linear chains leaving free volume 
on a molecular scale between the chains. Duran et al showed that low Rw values are 
insufficient to conclude hydrolysis leading to gels composed of residual organics and find 
agreement with Strawbridge on the formation of polymeric chain-like structures that lead 
to gelation. High Rw values however are believed to cause condensation via 
cyclisisation. Chang and Ring published a useful ternary phase diagram illustrating 
the effects o f water content on the gelling times o f TEOS-derived acid-catalysed sols and 
concluded that as the water content increases the gel time first decreases and then 
increases, with a minima observed at an equilibrium concentration.
The effect o f Rw is also known to have an effect on the visible transparency o f silica gels 
and has been shown by Cao and co-workers that conditions of excess water (Rw 30) 
and base catalysis significantly reduce the intensity of light scattering, whilst visible 
transparency and enhanced microstructural homogeneity was obtained using acidic 
conditions and very low water contents (Rw 1.3). It is the latter which favours high 
performance window applications. Effects o f Rw have also been studied 
chromatographically and spectroscopically by GC and NMR respectively, with 
additional kinetic and structural assignments discussed. However, the most 
acknowledged study of the influence of [H2O] in sol-gel systems was published by 
Aelion^^ \^ who showed that the rate of hydrolysis (kn) increased in a linear fashion with 
[KT/HsO ]^ in an acidic environment and that for TEOS to be first order in [H2O]. kn also
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increased linearly for [OH*] in a basic environment and observed zero order dependence 
of [H2O] for TEOS in a basic environment. The opposite was also true for the rate of 
condensation (kc). In theory an increase in the water concentration should increase the 
rate of hydrolysis, but contrary to that. Le Chatelier’s Principle states that the reaction 
will decrease after the water concentration exceeds the equilibrium value (since water is 
liberated by condensation (Equation 1.10)). Therefore as the water concentration 
increases, tg will initially decrease and then increase with a minimum at the equilibrium 
concentration
Section 1.8.2 discusses in some detail the effect of Rwin relation to pH for acid and base 
catalysed conditions. However, it can be assumed that the presence o f low water 
concentrations, has the same effect as an acid environment. Consequently, high water 
concentrations has a similar effect to that of a basic environment and such conditions 
favour fibre drawing The structures that result are different and are shown in Figure 
1.15 (a) and (b). Hydrolysis with intermediate amounts o f water will yield structures 
intermediate to both extremes
1.9 APPLICATIONS
Applications of the sol-gel process are becoming increasingly widespread and more 
diverse. There are four main sub-divisions which are all dealt with in the following 
section, namely: thin films, powders, monoliths and fibres, each vary with their 
micro structural and chemical composition. A general insight can be gained from Gesser 
and Goswami
The ease o f sol-gel processing and flexibility of the technique has led to vast 
developments within the field accompanied with favourable advantages which 
Mackenzie summarised in Table 1.5:
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Table 1.5: Advantages o f Sol-gel Processing over Conventional Methods
(i) Improved homogeneity from raw materials
(ii) Better purity from raw materials
(iii) Lower preparation temperature;
a) energy saving
b) minimisation o f evaporation
c) minimisation o f air pollutants
d) no side reactions with containers (i.e. purity)
e) control of phase separation
f) control of crystallisation
(iv) Novel non-crystalline materials outside ‘normal glasses’
(v) Novel crystalline phases from non-crystalline solids
(vi) Special gel properties imparting improved properties on glass
(vii) Special products like films
With there being so many advantages of the sol-gel process over conventional methods, 
there will o f course also be some disadvantages. Some of these (discussed by 
Mackenzie) are given in Table 1.6
Table 1.6: Disadvantages o f the Sol-gel Process
(i) High cost o f raw materials
(ii) Large shrinking during processing
(iii) Residual fine pores
(iv) Residual hydroxyl
(v) Residual carbon
(vi) Health hazards associated with organics
(vii) Sometimes long processing times
It is unlikely that sol-gel processing will completely replace conventional glass making 
methods, even when some of the problems associated with it are overcome. However 
there is no doubt that with certain applications, sol-gel processing can dominate the 
glass/ceramic industry, particularly where its advantages outweigh its disadvantages.
CVD versus Sol-gel
Both chemical vapour deposition (CVD) and sol-gel methods are extensively used for 
the formation of thin films and consequently there are important advantages and
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disadvantages associated with each them. However, together they require the correct 
‘fit’ o f experimental parameters:
Table 1.7: A Comparison o f CVD and Sol-gel Coating Methods
CVD Sol-gel
Can be difficult to coat complex shapes, 
particularly small ‘blind holes.’
Impurity incorporation during 
deposition gives rise to high intrinsic 
stresses (or impurity stabilised phases) 
which are not seen in the bulk material.
Deposition of atomic species by 
chemical reaction at 20-25Onm min'\
Little shrinkage and so materials can be 
deposited near theoretical density.
Not every material can be obtained in 
desired structure at temperatures 
comparable to the substrate.
Homogeneity is largely dependent on 
temperature and reactant composition, 
which must be maintained over the 
entire substrate.
Expensive and sensitive instrumentation 
necessary.
Material is unusable for coating once 
reaction has taken place.
Typical cost: C from CH4 ~£0.0025
cm'^  up to titanium carbide from TiCU + 
C H 4 + H 2 ~£25.00 cm-2
Very high (substrate) temperatures are 
required and pressures of IC'^  Pa.
Complex shapes can be coated.
Small quantities o f material necessary, 
reducing cost.
High degree of purity obtained due to 
the purity o f precursors.
Sub-micron thin film formation of high 
uniformity can be achieved with ease.
Shrinkage can be problematic during 
processing.
Microstructure can be tailored by 
molecular design o f precursors and 
thermal processing.
Greater homogeneity since the coatings 
are solution-derived and temperature is 
rarely an issue to consider.
Relatively cheap technology required. 
The coating processes (dip and spin) are 
easy and quick.
Waste material can be recycled and used 
again.
Relatively low cost; a sol containing ~ 
2 0 % solid would coat 2 0 0 m^  at 1pm 
thick.
Processing is often carried out at 
ambient temperature and pressure.
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Coating and substrate must be matched Mis-match is overcome because o f the
for thermal expansion coefficients to thinness of the films and the low
avoid stresses. temperature processing. Sol-gel permits
the formation of high temperature films
with low temperature substrates.
A danger o f producing powdery 
deposits, if reaction occurs too far away 
from substrate surface.
In the present study the soft sol-gel approach was preferred because o f its simplicity, 
relevance to the industrial collaborators and ease o f chemical design o f the coatings 
produced.
1.9.1 Thin Films and Coatings
Thin films and coatings are the earliest commercial applications o f sol-gel glass and were 
produced primarily by spinning or dipping (see Chapter 3) <lpm  thick. The versatility o f  
the thin film coating allows objects o f any dimension to be coated, on both sides if  
necessary, homogeneously and uniformly. Probably the earliest coatings had optical 
applications.
(a) Optics
Coatings can alter the reflectance, transmission and absorption of the substrate on which 
they are coated. Dislich described an example of controlling the above using a 
system of TiOi/Pd, in which the TiO: controls reflectivity and Pd provides the desirable 
absorption properties. Dislich also discussed Si02-Ti02 binary systems (produced by 
the German company Schlott Glass) where the refractive index (n) changed with the 
titania content (see Figure 1.16)
Refractive index (n) can also be controlled by porosity (P) (see Figure 1.17) according to 
the Lorentz-Lorenz relationship details of which will not be given here. However 
basically it can be said that low porosity (i.e. dense) materials exhibit greater (n) and the 
reverse is true
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Fisure 1.16: Effect o f [T1O2]  in Si02-Ti02 Sol-gel Derived Glasses on 
their Refractive Index (n)
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Fisure 1.17: Effect o f Porosity (P) on Refractive Index (n) o f  Silica
Apart from coloured, single-, multi-layer and porous coatings on glass (and Si), oxide 
coatings have been employed to impart anti-reflective (AR) properties in solar-related 
systems and laser damage resistant systems too 1^ 20,121,122]
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Since with single layers, the reflectance can be minimised at only one wavelength, which 
is dependent on the specific n and thickness (x) of the coating. Multi-layer systems have 
therefore been developed and pioneered by Schott Glass which comprise o f alternate 
high and low index. The reflectance o f a surface can almost be completely eliminated 
when n of the surface varies smoothly from the value of air (n = 0) to the value of the 
substrate. The criteria that need to be satisfied for reflective or anti-reflective coatings, 
are the precise control o f t and n (relative to the incident wavelength(s) o f light 
considered). Other applications o f sol-gel optical thin films include filters to enhance 
contrast, patterned thick films employed as diffraction gratings and optical/memory 
disks.
(b) Electronics
Such films include high temperature superconductors and conductive films (indium tin 
oxide), ferroelectric titanates, electrochromic (tungsten (IV)), and titanium films used as 
photoanodes. The conductive properties o f transition metals arise from unpaired 
electron ‘hopping’ between metal ions of varying valencies in solid phases and have been 
reviewed in some detail by Livage Ferroelectric films (BaTiOs) were first prepared 
from sol-gel by Fukushima in 1975 and lead-zirconium titanate (PZT) films soon 
followed. The criteria for such systems is precise control of the stoichiometry, well 
crystalline, crack-free microstructures and the complete absence of impurities.
(c) Protection
Primarily these are used for anti-corrosion and/or anti-abrasion, increased strength and 
enhanced adhesion properties 1^ 25,126] However there are a number o f important 
drawbacks to the use of sol-gel protective films. Sol-gel derived films are often very 
brittle and thick and also crack-free coatings are difficult to prepare and may require 
relatively high temperatures for good properties. For these reasons, Schmidt and co­
workers pioneered the field o f ORMOSILS (ORganically Modified SILaneS) which 
allows the deposition of thick films as dense layers at low temperatures (~ 393K) without 
cracking. Such films combined the hardness o f ceramics to the toughness o f organic
_
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polymers, whilst retaining transparency. ORMOSILS are currently used for anti-scratch 
coatings on polycarbonate substrates f^ 27,128]
1.9.2 Monoliths
These can be defined as single-body bulk gels, whose smallest dimension is greater than 
1mm. They can be made into a variety of crack-free shapes and sizes at low 
temperatures. Their main applications are optical (such as fibre optics, lenses, gradient 
refractive index glasses (GRIN)) and transparent foams (aerogels) which can be used as 
super-insulators). Monoliths could even be used themselves as substrates for 
applications where high purity and homogeneity are important
(a) Fibre Ovtics
Fibre optics produced from sol-gels avoid melting and contamination from crucibles as in 
conventional fibre production. Sol-gel-derived fibre fabrication involves casting 
cylindrical shapes followed by the drying and sintering stages. These are important to 
reduce [OH] to levels of parts per billion (ppb) or below, so as to avoid extensive water 
adsorption It is disappointing however that this method has little technological or 
commercial advantage over current methods o f chemical vapour deposition (CVD). In 
fact cracking during the drying (and long processing times) are detrimental. In any case, 
compared to CVD-derived fibres, gel-derived fibres have greater losses (>2dBkM'^) 
[129,130]^  which are thought to be associated with absorption or scattering due to -OH 
groups, although the mechanism is not well known
Using sol-gel routes, optical monoliths can be produced without melting or polishing. 
Shaping is accomplished at room temperature in a mould, followed by drying and 
sintering near the tg, with the surface finish preserved. Typically these procedures have 
for example been used to produce lenses The criteria which have to be met here are 
crack-free articles and one must also account for the dramatic volume changes upon 
drying. To increase the processing times, particulate fillers have been employed in
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alkoxide based solutions; these help to reduce capillary stresses and thus lower the 
tendency to cracking
Graded refractive index glasses (films with varying n) made via sol-gel have the added 
advantage o f high ion diffusivity in the liquid phase at the gel point. The preparation for 
multi-component systems involves the inclusion o f n-modifying-ions into the gel, which 
is further soaked in a solution of n-modifying-ions. The GRIN gel is then converted to 
the corresponding glass by an appropriate drying and sintering regime, during which 
inter-diffusion and ion exchange takes place
Principle applications for such systems are lenses for compact disc players, endoscopes 
and photocopiers. The problems associated with the process is the need to overcome ion 
re-distribution, cracking and uniform structural integrity throughout a steep 
compositional gradient. Generally the best applications of sol-gel-derived monoliths 
exploit the potential for enhanced purity, simplicity of processing (e.g. elimination of  
polishing) and the porosity. Monolithic processing also reduces processing temperatures 
and expands glass formation regions to the synthesis of very refractory compositions, 
such as low expansion Si0 2 -Ti0 2  glasses
1.9.3 Powders
These are probably the most versatile o f the sol-gel products, being used for high 
temperature reactions, catalysts (and supports) pigments, abrasives and fillers. 
Uranyl spheres are used in nuclear fuels because o f the ease of liquid processing by 
remote methods. Furthermore environmental hazards associated with radioactive dust 
can almost be eliminated Porous beads are used in chromatography because 
their lower processing temperatures also represent cost savings Sol-gel products 
have advantages over conventional powders (e.g. controlled particle size, shape, 
homogeneity at a molecular scale and enhanced reactivity (see Chapter 2)). A high level 
of homogeneity in multi-component systems can be achieved by matching the rate of 
hydrolysis and condensation of the various precursors Abrasive powders takes full 
advantage o f the tendency of gels to crack into pieces during drying, leading to gel
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pieces of many irregular shapes and sizes prior to sintering, which is more economical 
than that o f calcined or fusion-produced materials.
1.9.4 Fibres
In addition to the fibres discussed in Section 1.9.2(a), there are two other methods by 
which they can be produced: (i) directly from viscous sols at room temperature and (ii) 
unidirectional freezing. For the former, the conditions o f producing sols viscous enough 
lies with the processing parameters (see Section 1.8.4 (e.g. Rw)). Unfortunately, fibres 
drawn from viscous sols as in (i) are microporous and contain high levels o f residual 
organics, and so are unsuitable for ultra pure sintered glass fibres for optical applications, 
but are suitable for reinforcement, refractory textiles and high temperature 
superconductors. Sol-gel can also yield polycrystalline fibres, that exhibit strength and 
stiffness, in addition to chemical durability. Some ceramic fibres can be coated with 
ceramic slurries, and when hot pressed, yield reinforced glass/ceramic matrices. 
Alternatively, ceramic fibres can be combined for insulation purposes (e.g. space shuttle 
tiles) Unidirectional freezing of gels yields discontinuous fibres (with polygon 
cross-sections and S bet ~ 240-900m^g"^) with potential applications as catalyst supports 
and enzyme supports
1.9.5 Composites
Composites (ceramic or otherwise) chemically or physically combine materials to 
produce a new material that exhibits a synergy between its components. Organic- 
inorganic and ceramic-metal composites can be achieved with ease at low temperature 
with sol-gels. SiC-reinforced alumina has been used for turbine blades and in ceramic 
diesel engines. However the shrinking problems have hindered the progress made 
towards sol-gel fiilly dense ceramic composites. Sol-gel-derived materials are excellent 
hosts for organic moieties (e.g. ORMOSILS and ORMOCERS This was recently 
demonstrated by the novel synthesis o f ‘Definite’ by Degussa, which is an alternative 
intelligent polysiloxane dental filling, capable o f releasing fluoride in a controlled 
manner^ '^^ l^ The novelty of utilising ceramics, glasses and composites for medicinal
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purposes (e.g. prosthetics and bioactive implants) has recently been demonstrated by 
Hench and co-workers, which offers exciting and interesting alternatives to musulo- 
skeletal reconstruction Organic components can act either as network modifiers
or formers and can easily be tailored for such purposes (e.g. epoxysilanes for scratch- 
resistance, thermoplastic and photocurable groups based on diphenylsilanes and 
photocurable ligands such as methacryl, vinyl, or allyl groups, combined with a variety of  
polymerisable monomers for coatings). Pope and Mackenzie have prepared organic- 
inorganic composites by impregnating porous oxide aerogels with organic monomers, 
which could then be cured in-situ. Optical applications can be achieved using organic 
dye impregnation Good abrasion and scratch-resistant properties were exhibited by 
silica-polymethylmethacrylate (PMMA) coatings.^ ^^ ®^  Such systems have optical and 
catalytic applications.
1.9.6 Membranes
With characteristic pore sizes and shapes and an absence of cracking sol-gels are ideal 
candidates for filtration, catalysis and chromatography Porous films (supported on 
nonporous substrates) may be used as microfilters, ultrafilters or membranes. They have 
the following advantages over organic membranes: (i) they can be sterilised at higher 
temperatures, (ii) they do not swell or shrink on exposure to liquids and (iii) they have 
improved abrasion resistance. Smaller pore sizes can be used for gas separations; this is 
accomplished by the deposition o f branched or fractal species. Porous silica is also used 
as a high surface area catalytic support with controlled porosity and chemistry
1.10 AIMS of PROJECT
The work carried out for this thesis (in collaboration with Pilkington) had the primary 
objective o f designing, formulating and producing a thin film coating with anti-spoiling, 
rain-shedding properties for the windscreens of aircraft, architectural and automotive 
industries, using sol-gel methods. Strong adhesion to the windscreen, good hardness and 
wear resistance with prolonged hydrophobicity were important. The coating also had to 
remain optically transparent, but anti-reflective properties were considered optional. The
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possibility o f producing such functional films with the potential to degrade organic 
matter was also relevant. The work was to contain two aspects: (i) increasing the 
structural strength of the thin film by incorporating the more electropositive metal (Ti) 
into the silica matrix and (ii) increasing hydrophobicity utilising 
perfluoroalkyltrichlorosilane (FAS).
Silica-titania glasses have been extensively studied due to their remarkable low
thermal expansion coefficients and good optical quality The aim of the present
research carried out was therefore to explore the possibility of producing novel chemical 
synthetic routes to sol-gel-derived silica-titania with and without FAS modification. The 
chemistry o f the procedures was to be specifically tailored to yield homogeneous Si-O-Ti 
linkages leading to novel gels, coatings and oxides, whose optical, surface and bulk 
properties were to be investigated. A comprehensive understanding o f the chemistry and 
structure of the sols at all stages was to be paramount (as was its relation to the 
properties of the final film) and in this context, a wide range o f investigative methods 
was to be used. Full consideration was to be given to the mechanisms o f the sol-gel 
chemistry used.
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2.0 SILICA-TITANIA
2.1 INTRODUCTION
The following chapter aims to discuss some o f the chemical and physical properties, 
structure and applications o f silica, titania and silica-titania.
2.2 SILICON
The importance o f silicon for life on Earth results from the fact that the fertility o f soil 
relies on the ability o f clay minerals to absorb and release water and other cations that 
are indispensable for plant nutrition. It constitutes about lOmg kg‘  ^ o f live weight in 
man (where it is in connective tissue for cells, biosynthesis of collagen and it 
constitutes the substance that forms hair and nails, amongst other things 
Furthermore since the discovery that flint (hydrated silicon) could be used as a sharp 
cutting tool, silicon has played an important role in human technology. It forms the 
basis o f much industry world-wide and is very important in a number o f products; 
such as clays, ceramics, bricks, the silicone polymers and cement; a mixture o f clay 
and limestone are used to produce over 800 million tonnes o f Portland cement each 
year and the world production of silicate glass exceeds 62 million tonnes per year. 
The pure element has been exploited in the microelectronics industry especially since 
the birth of the silicon chip. As a group IV element, it has an electron configuration of  
3s  ^ 3p ,^ an atomic weight o f 28.086 and is the second most abundant element (by 
weight) in the Earth’s crust (25%). It is possible for Si to exist in a variety o f states 
with silica (sand and quartz) and silicates (minerals and clays) being the most 
common In excess of a million tonnes are produced annually and most is used as a 
deoxidant in steel production, particularly for high anti-corrosion steels. In this case it 
is used as ferrosilicon; a Si-Fe alloy which is produced by reducing silica and iron 
with coke according to the equation:
Si02 + Fe + 2C ^  FeSi + 2C 0 (2.1)
3.2 million tonnes of the alloy were produced in 1985 alone
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Elemental Si is produced by another reduction; that o f silica with high purity coke. 
However the process must be carried out in excess silica to prevent the formation o f  
carbide (SiC). Shiny blue-grey in colour, the element is non-metallic, but has a 
metallic lustre. It is referred to as a semiconductor and is extensively used as such in 
the semiconductor industry. It is prepared by converting Si to the chloride, where it is 
purified by distillation and finally reduced with either magnesium or zinc. For use in 
the electronics industry, the silicon must be extremely pure and in this state it acts as 
an insulator. However when doped with either group III or V elements, it becomes an 
«-type or an/?-type semiconductor respectively
2.2.1 Silicon and Silica Chemistry
There have been two oxides o f silicon reported; SiO and SiOz; both involatile solids. 
The former (silicon monoxide) is thought to be formed by the high temperature 
reduction o f the dioxide with silicon, but its existence at room temperature is in doubt. 
Silicon dioxide (silica) is widely found as sand or quartz. Group IV elements are 
typically tetravalent and therefore form 4 bonds akin to carbon, which is capable o f  
forming double bonds. This explains why CO2 is a discrete molecule and a gas. 
Silicon however cannot form double bonds in the same way, but a substantial number 
of silicon compounds containing double bonds are known to exist, and do so using d  
orbitals This allows silica to form a three-dimensional solid structure. It has a 
high melting point and is known to exist in at least 12 different polymorphs (see 
Figure 2.1): the most common are quartz, tridymite and cristobolite each o f which 
exist with different structures dependent on temperature. The changes between 
polymorphs requires initial S i-0  bonds to break. The single most common form of  
silica is a-quartz and is a major component of sandstone and granite. It is colourless 
but can be coloured with traces of other metals. Such systems today are known as the 
semi-precious stones, like amethyst (violet), rose quartz (pink), smokey quartz 
(brown) and citrine (yellow). Non-precious silica-based materials include flint, agate 
and onyx
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Low a- 
Temp.
Quartz
846K
High 
Temp. p-Quartz
a-Tridymite
393-433K
p-Tridymite
1143K 1743K
a-Cristobolite
473-548K
p-Cristobolite
1983K 
liquM SiOz
Fisure 2.1: Temperature Dependence o f the Different Forms o f Silica
In all o f the above, Si is tetrahedrally arranged and surrounded by 4 oxygen atoms. 
Each oxygen is further shared by other tetrahedra providing an infinite three- 
dimensional array. The various forms o f silica are brought about by a different 
ordering of the Si0 4  tetrahedra. a-Quartz is the most stable at room temperature and 
is arranged by interlinking helical chains which may be left or right handed. It 
therefore exists as ^ or / optical isomers as they cannot be superimposed. In 
crystobolite the Si atoms are arranged in the same way as carbon in the diamond 
structure, with oxygen atoms midway between them. In all forms of silica discussed 
the Si-0 bond length is 0.162nm with a bond angle o f approximately 144° (see Figure 
2.2a). At very high temperature and pressure an octahedral structure (see Figure 2.2b) 
is observed yielding an interatomic distance o f 0.18nm, approximate bond angle of 
90° and reduced reactivity
<d(Si-0)>
<d(0-0)>
0.162nm 0.177nm
0.264nm 0.250nm
Fi2 ure 2.2: Si0 4  Tetrahedra and SiOe Octahedra and their Average 
Dimensions
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Any form of silica can be heated to its softening point or slowly cooled to reveal a 
glass-like solid. In this state it is referred to as amorphous because it consists o f many 
rings, chains and other three dimensional units which are completely disordered. In 
any form SiOz is unreactive and is an acidic oxide, it therefore has no effect on acids 
(except HF forming, silicon tetrafluoride)
2.3 TITANIUM
Titanium is an important element and is exploited in such applications, where 
strength, low density and corrosion resistance are necessary. It was discovered by 
Zeigler at the Max-Planck Institute, that the trichloride could be used as a catalyst for 
making polymers like polythene The work was later pursued by Natta. Hence 
the emergence o f the Zeigler-Natta catalyst which resulted in an enormous surge of 
interest in organotitanium chemistry It is the ninth most abundant element (by 
weight) in the Earth’s cmst and its main ores are ilmenite FeTiOs and rutile TiOz. In 
1988 the former was produced on a world-wide scale o f 7.8 million tonnes, whereas 
rutile was 456,000 tonnes. These having a titania content o f 4.3 million tonnes. 
Canada are the main producers (32%), with Australia (24%), Norway (11.5%), USSR 
and Malasia (6%) following.
In the past, titanium which is silvery in appearance has been known as the 
‘wonder metal’ because o f its useful properties; it is extremely hard with a melting 
point o f 1940K. It is therefore much stronger and lighter than steel (Ti = 4.4g cm' ,^ Fe 
= 7.87g cm'^). However trace elements like H, C, O, N, make it brittle, but its 
corrosion resistance and conductance (heat and electricity) is much better than steel. It 
is due to these properties that Ti is used extensively in the aircraft industry, especially 
in gas and turbine engines and aircraft frames. At present supersonic aircraft like 
Concorde use aluminium as an outer skin limiting the speed to Mach 2.2. However, if  
supersonic transport craft are built to exceed Mach 2, titanium will be used as a 
replacement
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Other uses o f the metal include marine equipment and chemical plant, as it can be 
alloyed with steel to improve strength. World-wide annual production o f the metal 
grosses 100,000 tonnes Extraction is made difficult because o f its high melting 
point and also because it reacts readily with air, Hz, Oz and Nz at elevated 
temperatures. Unlike silicon though, it cannot be reduced with carbon or CO without 
carbide formation. The only way to overcome these problems is to first form TiCU by 
heating with carbon and chlorine at 1173K. The resultant liquid can then be distilled 
to remove impurities; one o f the following purification methods is then used;
(i) the Kroll Process is a reduction process o f TiCU, which originally used 
calcium at elevated temperature (1273-1423K). Later magnesium was used and 
must be carried out in an inert argon atmosphere:
TiCl4 + 2M g-^ T i + 2MgClz (2.2)
MgClz is removed by water-leaching or dilute HCl. The spongy Ti that results 
is converted into bulk by subsequent melting in a furnace which is expensive 
and prevents the process being more widely used. Zirconium, however, is 
produced in the same way
(ii) the Van Arkel-de Boer Method is used to produce very small amounts o f  
very pure Ti. Impure Ti is heated in an evacuated vessel containing iodine. 
Consequently TiL is formed which volatilises separating the impurities. Under 
reduced pressure the TiL melts <423K and boils <643K and the gaseous halide 
decomposes on a white hot tungsten filament (1773K)
impure Ti + 2Iz -> TiLj Ti + 2Iz (2.3)
The electronic configuration of titanium is 3d  ^ As^ . It has a covalent radius of  
0.132nm, an ionic radius of 0.0605nm, a melting point o f 1940K and boils at 3558K 
It has an atomic number of 22 and an atomic weight of 47.90. The Pauling 
electronegativity is 1.5 and its standard reduction potentials and oxidation states are 
shown in Figure 2.3.
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Acid Solution
Oxidation State
+IV +III +11 +I 0
+0.10 Ti^  ^ "0-37 rpj2+ -1.63 i-j-i-
Fisure 2.3: Standard Reduction Potentials (V)
The reactivity o f titanium is low at low temperature because o f an impermeable oxide 
film that forms at the surface o f the metal preventing attack. It is unaffected by acid or 
alkali at room temperature, but will dissolve slowly in hot concentrated HCl yielding 
Ti^  ^ and hydrogen. It can also be oxidised by hot nitric acid yielding the hydrated 
oxide
2.3.1 Titanium and Titania Chemistry
The most common and therefore most stable oxidation state o f titanium is +IV. In this 
state the element has a ( f  configuration with no unpaired electrons; the compounds are 
typically white or colourless with diamagnetic properties. In solution Ti"^  ^ions do not 
exist, but form oxoions. The titanyl ion (TiO^ )^ however is found in solution but 
usually polymerises in crystalline salts. The oxidation state +in is reducing; Ti^  ^is in 
fact more reducing than Sn^  ^ and can exist in solutions and in solids. Since the Ti^  ^
ions have a d^  configuration, they have one unpaired electron and are therefore 
paramagnetic With one d  electron there is only one possible d-d electronic 
transition o f t2g-^eg. hence there is only one band in the visible spectrum. Nearly all 
of the compounds are a pale purple-red colour The +11 state is very unstable and 
very reducing; so much so that it is capable of reducing water. Thus few compounds 
are known to exist and only in the solid state. The (0), (-1) and (-II) states are found in 
the dipyridyl complexes
More than half o f the world production of TiOz is used as a pigment in white paint
and as an opacifier to make coloured paint opaque. It replaced the earlier lead-based
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pigments (2 PbC0 3 'Pb(0 H)2). It has three main advantages over Pb: it covers better, it 
is non-toxic and it does not blacken when exposed to HzS. Other major uses include 
paper whitening and as a filler in plastics and rubber
Titania occurs in three different crystalline structures: anatase, rutile and brookite. As
an amorphous oxide its appearance is grey-white. Rutile is the most common. In
each titania polymorph Ti is octahedrally coordinated but the geometry linking the
TiOô octahedra is different
in rutile 2 edges o f each octahedra are shared
in brookite 3 edges o f each octahedra are shared
in anatase 4 edges o f each octahedra are shared
The ore ilmenite is made up of a lattice o f hexagonal close-packed oxygen atoms, with 
titanium atoms occupying only one third o f the octahedral sites, and iron (or another 
metal) occupying another one third o f the octahedral sites. The structure is formed 
when the other metal is about the same size as the Ti metal. However, when the two 
metals differ considerably in size, the perovskite structure is formed, which is a cubic 
close-packed array o f oxygen and calcium (so that calcium has a coordination number 
of 12), with Ti occupying one quarter o f the octahedral holes
2.4 SILICA-TITANIA (SiOz-TiOA
2.4.1 Sol-gel Synthesis
Probably the most convenient method o f producing binary or multi-component oxides 
or glasses is to simply mix the component alkoxide precursors in a suitable miscible 
solvent prior to simultaneous hydrolysis with water. However, there are a number of 
important problems associated with this approach. In many cases the metals o f the 
component alkoxides will differ in their electropositivity:
Ô (Si) in Si(0Et)4 = +0.32
Ô (Ti) in Ti(OPr% = +0.60
and because of the reduced partial positive charge exhibited by the Si in TEOS, it is 
less likely to undergo the nucleophilic Sn2 -type attack by water during hydrolysis.
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On the other hand, that of the titanium alkoxide will occur readily and fast, with the 
threat o f precipitation. The result o f this ‘mis-match’ causes hydrolysis products to 
condense with corresponding homoalkoxy groups yielding M-(OH) species. These 
may condense with heteroalkoxy groups, especially when the homo- groups are 
depleted. The resultant two-component sol will continue to undergo hydrolysis and 
condensation well after gelation, to eventually yield, a grossly inhomogeneous binary 
oxide. Often for sol-gel systems it is desirable to achieve the highest degree o f  
molecular homogeneity and abundant M’-O-M linkages.
It is important first to contain the necessary precursors within a mutually miscible 
solvent and mixed homogeneously on a molecular scale. ^  this situation can be 
maintained throughout the sol-gel process, a clear, homogeneous and consistent 
product should result. There are a variety o f methods often employed to overcome the 
problem of mis-match. Probably the most popular is that discussed by Yoldas 
specifically for silica-titania The process involves forming a single compound
from the slower hydrolysing precursor which is capable o f reacting as a unit. In the 
case o f TEOS, it may be partially hydrolysed with sub-stoichiometric amounts o f  
water to form soluble silanols:
Si(0R)4 + H2O (R0)3-Si-0H + R(OH) (2.4)
The resultant ethoxysilane is soluble in ethanol and will therefore readily react with 
other metal alkoxides:
(R0)3Si-0H + Ti(0R)4 -> (R0)3-Si-O-Ti-(0R’)3 + R’(OH) (2.5)
The resultant compound contains glass network formers o f Si and Ti linked via an 
oxygen atom, which is soluble and hence will not precipitate. At this stage, the 
addition o f more water (and solvent) will cause further polymerisation and eventually 
the sol to gel. Here this process is referred to as vre-hvdrolvsis: a process which has 
proved extremely popular for the sol-gel preparation o f multi-component systems. In 
itself, pre-hydrolysis can be used in a variety o f ways, each capable of producing 
defined microstructures with different properties. Examples o f the ways in which pre­
hydrolysis has been used and studied are now discussed.
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Cogliati et al used XRD to investigate thermally treated (573K) xero- and 
aerogels, containing up to 15% Ti02-Si02 derived from TiCU and Ti(0R)4. Their 
conclusions led them to believe that TiCfi was a good precursor because the alkoxide- 
derived samples produced anatase, whereas the former did not. Ramirez-del-Solar et 
al used the method to prepare silica-titania from TEOS using HCl at 273K as the 
catalyst, prior to adding acetic acid-modified titanium butoxide. Studying the effects 
of ultrasonic and classical methods in terms o f structure, they concluded that the 
former gels sintered at lower temperatures, yielding the anatase form of titania as 
opposed to the expected rutile form at elevated temperatures. Yoldas agreed with 
this and used the pre-hydrolysis method to produce silica-titania, but with the ethoxide 
precursor o f titanium instead.
Examples of using pre-hydrolysis to form homogeneous precipitates can also be found 
(e.g. Nakabayashi In this study, a mixture o f TEOS and titanium wo-propoxide 
in a solvent o f isopropanol was hydrolysed using excess water (353K). The 
precipitate that formed was dried at 383K and further calcined for 3h at 773K before 
analysing with XRD, which showed the precipitated binary oxide as amorphous; 
similar results were obtained by Stakheev et al^ ^^  ^using TEOS and titanium nitrite for 
samples containing <10% titania. However, it is generally understood that with higher 
Ti0 2  concentrations lower temperatures are needed to cause crystallisation 08,19,22,23]
As discussed in Chapter 1, another way o f overcoming the problem of mis-match 
between the rates o f hydrolysis of multi-component precursors is complexing. In 
many cases, both complexing and pre-hydrolysis can be used (as shown already by 
Ramirez-del-Solar et al Another example was illustrated by Best and Condrate 
using TEOS solvated with an ethanol/propan-2-ol mixture, to which acetylacetone- 
modified titanium wo-propoxide was added. Here anatase was again the crystal phase 
observed after thermal treatment of gels, which contained >20 mol % titania. Abe et 
al produced a variety o f silica-titanias up to 50 mol % Ti02, by mixing 
acetylacetonato- titanium di-isopropoxide in isopropanol, with TEOS and 
Si(0H)2(^0Bu)2. Pre-hydrolysis and complexing was further studied by Wellbrock et 
al in an attempt to produce the homogeneous ternary mixture o f Si0 2 -Ti0 2 -Zr0 2 -
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Their investigation revealed that the gelling time depended largely on the complexing 
agent used; typically one day for acetic acid, several days for acetylacetone and two 
weeks for ethylacetoacetate. They found improved control over the coating solutions 
could be obtained this way whilst avoiding precipitation. Phillip and Schmidt 
suggested an alternative form of pre-hydrolysis, in which the faster reacting alkoxide 
was pre-hydrolysed, by the controlled generation o f water in a reaction mixture (see 
Figure 2.4).
Hydrolysis rate (k) kM>>kM
I n
M-OR + M-OR Mix I + n
I n
M-OH + M-OR
Water generated within the system
Fisure 2.4: Proposed Pre-hydrolysis o f Faster Reacting Alkoxide to Optimise 
Homogeneity
It has recently become popular to use refluxins as an alternative to pre-hydrolysis as a 
means o f improving the molecular homogeneity o f multi-component oxides. Again 
this can be completed with or without complexing agents. Emili et al produced 
silica-titania containing up to 19 wt % titania in this way using TEOS, acetylacetone 
and titanium butoxide, which was refluxed at 353K for 2h. Their results showed that 
whilst remaining amorphous up to 973K, samples with <10 wt % titania remained so 
up to 1473K, while a sample with 19 wt % TiOz exhibited anatase at 1273K. Fardad 
et al used a combination o f pre-hydrolysis and refluxing techniques to produce 
their silica-titania: a procedure where a 1:0.5 (vol) mixture o f ethanol and titanium n- 
propoxide, was added to a specified system of TEOS, H2O and HCl (Rw=l) under 
reflux conditions, followed by adding the remaining Ti(0R)4 and water. The final 
solution was then diluted with an equal volume o f ethanol to yield the coating 
solution.
Hay and Raval demonstrated the potential o f producing titanium-silicon binary 
oxides using a non-hydrolytic, solvent-free synthesis based on the reaction o f a metal 
halide and a metal alkoxide. Other methods o f producing multi-component oxides
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include: completely hydrolysing the components o f the system before mixing 
and using atmospheric moisture as the water source for hydrolysis Completely
hydrolysing alkoxides prior to mixing however was reported to yield titania-rich 
domains within an amorphous silica network.
2.5 EFFECT of TiO? on SiO? and COMPOSITE PROPERTIES
It is apparent that the titania content o f silica glass is important. It is understood that 
the addition o f titania will decrease the thermal expansion coefficient o f silica, 
increase the refractive index, decrease the strain and annealing points, decrease the 
softening temperature, change the tensile strength, affect resistance to chemical 
reactivity, and change dielectric constants However as Henderson points
out, the nature o f the structural role o f Ti in silicate glass has remained somewhat 
ambiguous. Henderson also points out that homogeneous glasses o f silica-titania are 
only formed up to 8.3 mol % (10.8 wt %) titania, above which and up to 15 mol % (19 
wt %) the glasses are referred to as metastable, and liquid immiscibility occurs at 
higher concentrations.
Shultz reports that the effect o f adding up to 12 wt % Ti into silica, is an increase 
in the observed viscosity, but surprisingly no change in density. This is believed to be 
caused by Ti ions entering network-forming positions. However for additions o f 14 
wt % and above, both density and viscosity increase, where Ti ions may also be 
occupying interstitial sites. Under these conditions, Gonzalez-Oliver et al believe 
that it is reasonable to observe the beginnings of liquid phase separation (as mentioned 
above^ ^^ )^ resulting in the precipitation o f titania-rich regions. Viscosity o f the glass is 
also reduced during sintering and thus furthermore weakens, rather than strengthens, 
the silica network
Gonzalez-Oliver et al further concluded that with increasing titania contents, 
samples subjected to thermal treatments tended to blacken more (even in an oxidising 
environment), especially when using neat titanium isopropoxide as the titania source, 
as opposed to a chelated source. An additional study investigating the effect o f
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thermal treatment on silica-titania was conducted by Morikawa et al They 
showed using Ti-extended X-ray absorption fine structure (EXAFS), that for 10% 
Ti02-Si02 gels heated up to 1073K, changes in the T i-0 bond lengths were small and 
ranged from 0.189-0.19nm. This illustrated that T i-0 polyhedra formed during the 
early stages o f the sol-gel process were introduced in the four-fold coordination and 
remained so up to the final stages o f the glass structure.
Silica-titania glasses have formed the basis o f much interest because o f their 
remarkably low thermal expansion coefficients [^ 2,39-41] reported that with
increasing UO 2 contents, decreases in the expansion coefficients are observed until 
eventually it actually becomes negative. This specific property is particularly useful 
under conditions of high temperature, especially when alkali resistance is also a 
consideration
2.6 APPLICATIONS of SILICA-TITANIA
Silica-titania glasses are one o f the most refractory glasses known. Probably the most 
important application of sol-gel itself and indeed Si0 2 -Ti0 2 , is in the area o f thin 
films and coatings. For interference applications, it is sometimes necessary to have 
many and even very elaborate properties in order to be successful. It is therefore often 
advantageous to mix components o f different materials in order to tailor the refractive 
index (n). This is certainly the case when titania is added to silica to produce high 
index films with n values from 1.46 to 2.6, with high resistance and stability. The n o f  
silica films with various titania contents can be seen in Table 2.1 A graphical 
representation of such data has been produced by Dislich and can be seen in Figure 
1.16.
Lukosz initially reported the use o f sol-gel films o f varying composition to prepare 
low-loss waveguides. More recently this was confirmed by Dawnay et al who 
investigated two methods o f sol-gel preparation involving: (a) pre-hydrolysis and (b) 
chelation/complexing. The 10% Ti02-Si02 sols were spin coated onto silicon wafers 
and results showed that the properties o f the film differ considerably; following rapid 
thermal annealing (a) exhibited films with considerable porosity, whilst (b) was fully 
densified.
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Table 2,1: Effect o f Titania Content on RI (n) o f a Silica 
Thin Film prepared by Dip Coating
M ol%
Silica
M ol%
Titania
n at 
550nm
100 0 1.46
90 10 1.53
80 20 1.61
70 30 1.69
60 40 1.77
50 50 1.85
40 60 1.92
30 70 2.01
20 80 2.08
10 90 2.18
0 100 2.20
It was therefore concluded that using sol-gel, thick films with high residual porosity 
could be used as host waveguides, which can be doped with non-linear or active 
materials. The feasibility o f using silica-titania was demonstrated by Hermann and 
Wildmann and conditions for doping silica with titania on silicon for these 
purposes have been optimised by Holmes et al using a simple repetitive process 
that involves spinning and thermal annealing. Thermal treatments and densification 
have also been investigated by Weisenbach et al who showed that the index o f the 
final systems is largely dependent on the processing history o f the film: index was 
shown to increase with thermal treatment because o f continual condensation. Pre­
baking and its effect prior to the thermal treatment is also discussed. High indexes are 
also reported by Yeatman and Dawnay for photonic components with losses <0.2 
dB/cm. Anti-reflective (AR) coatings form a large part o f the applications o f silica- 
titania. For example, for silicon cells solar reflectance losses of 36% for uncoated 
materials have been reduced to ~ 12% using single layer Ti02 sol-gel films. By 
applying double-layer sol-gel films o f Si0 2  and Ti0 2  to silicon, the reflectance losses 
can be reduced to about 3%. In 1959 large scale production of automotive rear­
view mirrors (Ti02-Si02-Ti02) began and continued with AR coatings in 1964 when 
triple interference layers (Ti0 2 /Si0 2 -Ti0 2 -Si0 2 ) were used on both sides o f float 
glass, to reduce reflection to one tenth 1969 thus saw the birth o f sun-shielding 
windows (essentially Ti02). AR coatings requires multi-layer thin films consisting o f
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varying composition and pre-determined thicknesses and refractive indexes 
Absolute thickness is crucial in such applications and can be measured Apart 
from the anti-reflective property, the surface is characterised by slight roughness as 
illustrated by Hinz and Dislich (see Figure 2.5) I
m
Fisure 2.5: An Anti-reflecting Surface Produced by Sol-gel
High reflective mirrors can also be made from sol-gels, by a stacking arrangement of 
high index (n >1.5) materials on low index (n <1.25) materials, as shown in Figure 
2 .6 .
Reflected ligh t 
= comù/nafÂon of 
s/x ùpams
Incident
High index
Low index
> M ultilayer
Low index
High index
S ubstra te
Tronsm/ffecf
Fisure 2.6: High Reflective Sol-Gel Mirror
In this system, it is possible to achieve >98% reflection o f incident light from each 
high index layer. Furthermore, because the index is greater than the substrate, no 
phase shift is exhibited. This allows the reflected light to constructively interfere with
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the front face to produce the composite reflected light. It is possible to optimise the 
reflectivity >99.99% by tailoring the thickness ( t )  and number (z) of individual layers.
It has recently become recognised that gel syntheses can be tailored to produce multi- 
component systems, which play a central role in chemical and petrochemical 
processing, as catalysts and supports for active species. A major component can be 
stabilised against degradation o f its textural properties upon heat treatment by the 
introduction o f a minor component. Many authors have reported that additions as 
little as 10 mol % titania to silica results in a decrease o f both surface area and pore 
volume. The presence o f silica also prevents the premature crystallisation o f titania 
through the formation o f Si-O-Ti linkages. The combination o f two oxides also 
presents the opportunity to create acidic sites which are not possible with the 
component oxides Silica-titania as a support appears particularly attractive
because it brings together the favourable properties o f the individual components of  
the binary It has been shown for example, that 20 mol % TiOz-SO mol % SiOz 
represented the optimum support for vanadium in the selective catalytic reduction of 
NO with NHs Some o f the other catalytic systems in which silica-titania have 
proven abilities are included in Table 2.2, but it is not exhaustive:
Table 2.2: Applications ofSi02-Ti02 in Catalysis
Reaction System
Epoxidation cumenhydroperoxide to corresponding
epoxide
Hydrogenation benzene to cyclohexane by supported
Rh['^]
Hydrogenolysis butane by Rh or Ni
Dehydration /-butanol to wo-butene
Isomérisation but-l-ene to cis and trans but-2 -ene
[63]
Selective Catalytic Reduction supported V2 O5
of NO: NO and NH3 to N2
Other more general applications o f silica-titania include contrast filters for data 
display screens. Again this involves the very specific tailoring of multi-layer systems 
which can be adjusted to the desired requirements by altering the composition. 
Radiation resistant coatings for high powered lasers used in fusion experiments are
_
Chapter 2 Silica-titania
another. In fact, it was shown that silica-titania coatings deposited under extreme 
clean conditions exhibited much increased resistance compared to conventional 
vacuum deposited technology.
2.7 SUMMARY
It is clear that with the different synthetic methods of producing binary or multi- 
component oxides, glasses or ceramics that are available, and combinations o f such 
methods, the potential o f yielding highly homogeneous systems at low temperature, 
consistent with the main advantage o f sol-gel are present. However in the light o f the 
research published so far, it is evident that further work is necessary to overcome the 
problem of crystallisation and phase separation at moderate temperature. By 
controlled manipulation o f the chemistry, it may be possible to do this by increasing 
both the intimacy and strength o f the M ’-O-M linkage formed. This along with a 
more detailed study into the properties o f such systems using innovative technology is 
also required. Only then will the full potential spectrum of applying such products 
become apparent, especially in circumstances where extreme conditions are necessary. 
This may even be important in the light o f recent martian exploration.
2.8 METHODS of PREPARING SILICA-TITANIA SOLS and GELS
Section 2.4 dealt with the sol-gel synthesis o f silica-titania in terms o f the various 
methods available, the problems that may be involved with each and examples o f the 
way(s) in which the methods have been used. This thesis was concerned with ^re- 
hydrolysis and reflux.
By varying component concentrations, the aim here was to investigate the effect o f  
titania on the pre-dominantly silica matrix and to obtain a value for the optimum 
titania loading that could be synthesised, with the aim of providing a maximum Si-O- 
Ti distribution under the conditions used. A comparison o f the resultant products was 
then characterised. The samples were varied in terms of Rw (H2O:alkoxide) from 1 to 
5 and titania contents from 5 to 35 mol %, providing a spectrum o f samples to
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investigate as a function o f v^ater and titania concentration. In all cases, the overall Ra 
(solvent:alkoxide) value remained constant at 7.0. The complete mol % ratios o f the 
compositions are given in Tables 2.3(a-e).
2.8.1 Pre-hydrolysis
This approach involved pre-hydrolysing the slower reacting alkoxide precursor, prior 
to the controlled addition o f the faster reacting alkoxide. The procedure was carried 
out under a N2 atmosphere.
Absolute ethanol (EtOH; Hayman 99.99%), distilled water and hydrochloric acid 
(HCl; Aldrich 36%) were added to the closed reaction vessel, agitated vigorously and 
bi-directionally for 30 min to ensure homogeneity. The pre-hydrolysis step began 
when the appropriate volume of tetraethoxysilane (TEOS; Aldrich 97%) was added to 
the mixture slowly, using a dropping pipette and the solution was allowed to continue 
mixing for a further 6  min under the same conditions described. Exothermicity 
confirmed the presence o f a reaction. After the elapsed time, the pre-mixed slightly 
yellow solution o f EtOH and titanium isopropoxide (TiOP; Aldrich 97%) was added 
dropwise in a careful, slow and very controlled manner, opposing the stirring 
direction, from a graduated syringe. Initially, the colourless TEOS/H2 0 /HCl/EtOH 
mixture changed to an orange/brown colour which gradually dissipated with further 
addition o f the TiOP/EtOH solution, before returning once again to a clear, colourless 
solution. Strong exothermicity was apparent.
The component mixture was then left to stir as described above for 15h in a closed 
vessel under N2, after which the remaining mixture o f water and EtOH was added in 
the same way as the EtOH/TiOP mixture and further allowed to mix for 24h. This 
completed the procedure ensuring sufficient reactants to complete hydrolysis, resulting 
in the pre-hydrolysis sol preparation o f clear, colourless and homogeneous 
appearance.
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The proposed reaction scheme for the procedure is shown in Figure 2.7
Si(OR)^ + H 2O (R0)3 —  Si —  o h  + ROH
(r o )3 —  Si —( o h  m o
OR
I
Si — OH
I
OR
Slow
OR OR
( R O ) - S i - O - S i - O H  + ROH
(R0)3
OR
I
OH R -0 — Ti— OR
I
OR
F ast
OR
OR
I
OR
OR 
I
(RO) -  Si -  O -  T i -  OH + ROH 
I I
OR OR
Fisure 2.7: Proposed Reaction Scheme fo r  Pre-hydrolysis Synthesis
In the former reaction a sub-stoichiometric amount o f water was used so as to limit the 
average ligand hydrolysis per TEOS molecule to one (assuming an Rw value o f 2 is 
required for full hydrolysis). The majority o f silanol species present will therefore be 
in the form of (ROjg-Si-OH. Realistically however it is likely that a range of 
structures o f the type (R0 )x-Si-(0 H)4-x would also result, especially with ageing. 
Furthermore using low concentrations o f water and an acidic catalyst, hydrolysis was 
expected to be rapid therefore increasing the speed o f the overall process. Homo­
polymérisation upon ageing will yield less reactive secondary species as shown. The 
process is relatively slow, especially in diluted systems.
The addition o f a more reactive alkoxide precursor (e.g. (Ti(0 PF)4) rapidly increases 
the rate o f the reaction by the process o f hetero-polymerisation. And since that is the 
case, ‘grafting’ o f the hetero alkoxide precursor to the partially hydrolysed TEOS 
yielding the desired M-O-M’ linkage is likely
2.8.2 Reflux
Due to the nature o f refluxing as a preparative technique and the time-scale involved, 
this procedure was used to prepare only the 25 mol % titania-silica with an Rw = 2 and
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Ra =  7, where an Rw value o f 2  represents the theoretical amount of water necessary 
to complete hydrolysis. The sample was later used for direct comparison in every 
aspect with that o f the corresponding pre-hydrolysis-derived sample.
Figure 2.8 illustrates the reaction mechanism proposed for the generation of M-O-M’ 
linkages using the reflux synthetic approach.
OP / ^ H  
I
RO-Si-O-R RQ-Si o - R
OR
RO-M + R-OH
OR OR OR
OROR OR
RO-M' —  O - RROM -0 -M '  -OR
OROR OR
SIDE REACTION
R - O - R orR - O - H
RE-GENERATED
Fisure 2.8: Proposed Reaction Mechanism for Reflux Procedure Leading 
to Si-O-Ti Linkages
Under such conditions, it was likely that a combination o f diisopropyl ether (R-O-R) 
and ethoxypropane (R’-O-R’) would result as by-products. In addition to this residual 
ethanol and isopropanol (from corresponding reactant precursors) would also 
contribute to the kinetics o f the process.
Using a round-bottomed reflux flask and bi-directional magnetic stirring, the required 
volume of TEOS and TiOP were mixed under a constant flow o f nitrogen. The clear, 
pale yellow mixture was refluxed at 353K for 15h, after which time the mixture turned 
brown and a small increase in viscosity was apparent. Remaining under a constant 
flow of nitrogen and stirring vigorously, the mixture was allowed to cool to room
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temperature, where a mixture o f HCl and 50% o f the total concentration o f EtOH were 
added slowly and in a controlled dropwise manner, using a graduated syringe. The 
system was again allowed to stir for a further 5h to equilibrate and ensure intimacy of  
reactants. The final stage o f the preparation was the very slow, controlled addition of  
remaining EtOH and H2O, dropwise from a graduated syringe, opposing the flow of 
the stirring solution and again under the constant flow o f N2. The reaction vessel was 
then closed completely and the sample was allowed to stir for a further 15h to obtain 
the maximum level o f mixing on a molecular scale.
Tables 2.3 (a-e): Mol % Ratios fo r  5-35 mol% Ti02-Si02 Sol-gel 
Preparations Respectively
(a)
Component M ol%
EtOH 5.0 5.0 5.0 5.0 5.0
H 2O 0.5 0.5 0.5 0.5 0.5
HCl 0.011 0.011 0.011 0.011 0.011
TEOS 1.0 1.0 1.0 1.0 1.0
EtOH 0.25 0.25 0.25 0.25 0.25
TiOP 0.05 0.05 0.05 0.05 0.05
EtOH 2.1 2.1 2.1 2.1 2.1
H 2O 0.55 1.60 2.65 3.70 4.75
R\v • 1.0 2.0 3.0 4.0 5.0
R a : 7.0 7.0 7.0 7.0 7.0
(b)
Component M ol%
EtOH 5.0 5.0 5.0 5.0 5.0
H 2O 0.5 0.5 0.5 0.5 0.5
HCl 0.011 0.011 0.011 0.011 0.011
TEOS 1.0 1.0 1.0 1.0 1.0
EtOH 1.0 1.0 1.0 1.0 1.0
TiOP 0.1 0.1 0.1 0.1 0.1
EtOH 1.7 1.7 1.7 1.7 1.7
H 2O 0.6 1.7 2.8 3.9 5.0
Rw : 1.0 2.0 3.0 4.0 5.0
Ra : 7.0 7.0 7.0 7.0 7.0
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(c)
Component M ol%
EtOH 5.0 5.0 5.0 5.0 5.0
H 2O 0.5 0.5 0.5 0.5 0.5
HCl 0.011 0.011 0.011 0.011 0.011
TEOS 1.0 1.0 1.0 1.0 1.0
EtOH 0.75 0.75 0.75 0.75 0.75
TiOP 0.15 0.15 0.15 0.15 0.15
EtOH 2.3 2.3 2.3 2.3 2.3
H 2O 0.65 1.8 2.95 4.10 5.25
Rw : 1.0 2.0 3.0 4.0 5.0
Ra : 7.0 7.0 7.0 7.0 7.0
(d )
Component M ol%
EtOH 5.0 5.0 5.0 5.0 5.0
H 2O 0.5 0.5 0.5 0.5 0.5
HCl 0.011 0.011 0.011 0.011 0.011
TEOS 1.0 1.0 1.0 1.0 1.0
EtOH 1.25 1.25 1.25 1.25 1.25
TiOP 0.25 0.25 0.25 0.25 0.25
EtOH 2.5 2.5 2.5 2.5 2.5
H 2O 0.75 2.0 3.25 4.5 5.75
Rw : 1.0 2.0 3.0 4.0 5.0
Ra : 7.0 7.0 7.0 7.0 7.0
(e)
Component M ol%
EtOH 5.0 5.0 5.0 5.0 5.0
H 2O 0.5 0.5 0.5 0.5 0.5
HCl 0.011 0.011 0.011 0.011 0.011
TEOS 1.0 1.0 1.0 1.0 1.0
EtOH 1.75 1.75 1.75 175 1.75
TiOP 0.35 0.35 0.35 0.35 0.35
EtOH 2.70 2.70 2.70 2.70 2.70
H 2O 0.85 2.20 3.55 4.90 6.25
Rw : 1.0 2.0 3.0 4.0 5.0
Ra : 7.0 7.0 7.0 7.0 7.0
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NOTE: From this point on, for convenience, the sample reference is derived by the 
method o f preparation (P for pre-hydrolysis, R for reflux), followed by mol % value 
of the titania component, followed by Rw (^) and Ra (a) value. For example: the pre­
hydrolysis-derived 25 mol % titania-silica sample with an Rw = 2 and Ra = 7, will be 
referred to as: P25w2a7.
2.8.3 Sol Miscibilitv
As discussed in Section 1.10, the aim of the present work was to investigate methods 
by which sol-gel processing could yield thin SiOi-TiOz films, with hydrophobicity. 
Two methods o f achieving this were investigated; firstly by incorporating a 
perfiuoroalkyltrichlorosilane ((FAS) (F(CF2)gCH2CH2SiCl3) into the bulk o f the sol- 
gel formulation and secondly by the application of FAS directly onto an existing film 
surface. The latter is discussed in Chapter 10. Incorporation o f the FAS into the bulk 
of silica sols required careful consideration, if  molecular homogeneity and miscibility, 
was to be achieved throughout the process. The effect o f incorporating the FAS on sol 
miscibility was therefore investigated by the use o f ternary phase diagrams (TPD). 
The use of titania was excluded from this study for simplicity.
TPDs have proved useful in the past for determining ratios o f sol components which 
are capable o f producing gels with varying morphology and many have reported 
using them. Using simple acid catalysed TEOS-derived silica sol-gels, Chang and 
Ring^ ^^  ^ developed a comprehensive phase diagram for TEOS, EtOH and water 
concentrations, highlighting the formulations which yielded homogeneous gels, 
cloudy solutions and precipitates. An additional diagram was also composed 
illustrating the corresponding gel times for the same systems. Similarly Kawaguchi 
and Ono formulated a TPD for producing precipitated silica particles using an acid 
catalyst (HNO3) with low water concentrations. Sakka et al used a TPD to 
illustrate various formulations which exhibited suitable spinnability for sheet and thin 
film formation, whilst TPDs have also been used by Nakanishi and Soga to 
highlight phase separation caused by the employment o f polyacrylic acid as a DCCA, 
leading to the formation o f a highly porous, interpenetrated network. More recently 
Ponander et al used a TPD to merely illustrate the composition o f sodium- 
titanium-silicate glasses studied by X-ray absorption.
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In the present study, samples were first prepared in the absence o f FAS; 37 
representative sols with a wide variety o f component concentrations were prepared 
under identical conditions. Tetraethylorthosilicate (TEOS) (98%; Aldrich) was 
hydrolysed with water in a solvent o f absolute ethanol (purity > 99.7%; Hayman Ltd) 
in the presence o f 0.1 cm  ^ o f IIM  HCl at pH 1.3 (BDH; Analar). The components 
were added in the following order; EtOH — H2 O — H"*" — TEOS. The sol miscibility 
and when appropriate, the resulting gels, was determined by optical examination. A  
TPD was then constructed (see Chapter 8).
It was clearly evident that simply adding FAS to such formulations yielded grossly 
inhomogeneous sols, manifested by varying degrees of cloudiness and in extreme 
cases, immediate precipitation. This highlighted the importance o f controlling the 
addition sequence o f the sol components, in order to achieve optimum homogeneity. 
In an attempt to overcome this, it was discovered that the FAS (98%; Fluorochem) 
was entirely miscible with TEOS producing a clear single-phase solution. 
Consequently the TEOS-FAS sol systems were therefore derived by addition o f  
TEOS-FAS (0.35% volume o f TEOS) at the same point as the TEOS constituent for 
the non-FAS containing TPD (e.g. EtOH — H2 O — H"^  — (TEOS-FAS)) under a 
controlled N2 atmosphere to eliminate atmospheric water. The modified TPD was 
then constructed (see Chapter 8). Soda-lime silicate float glass substrates were pre­
cleaned with Decon 90 (mixture o f concentrated anionic and non-ionic detergent) for 
24h, prior to rinsing with water and isopropanol, onto which representative FAS 
containing sols (at 80% gelation time) were dip-coated (Nima Technology) at 40mm 
min'\ The resulting coatings were thermally treated at 323K for 3h and examined 
using SEM (see Chapter 10).
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3.0 METHODS OF COATING
3.1 INTRODUCTION
Thin film technology (especially utilising the noble metals) has been used for decorating 
glass and ceramics for thousands o f years. As early as the 7™ century it was well 
established that painting a silver salt suspension onto clinical glass vessels prior to 
thermal treatment allowed a metallic silver thin film to be deposited. More recently, 
however, thin films have been used to investigate the structure o f solids and to 
determine their physical properties. A typical film may be lOOnm thick whilst that of 
the substrate supporting it may be up to 1 0 ,0 0 0  times thicker
In 1951 Geffcken and Bergen first recognised the potential o f alkoxide sol-gel 
processing as a convenient method of producing oxide thin films. This led to the 
development of rear-view mirrors in the automobile industry, with large scale 
development taking place in 1953 Thin films and coatings have since remained the 
most important technological application of sol-gel. The potential o f sol-gel coatings 
(with a variety o f surface areas) to modify the properties o f substrates means that 
surfaces may possess the ability to exhibit new and/or additional functions. The 
applications therefore are widespread.
Most importantly, however, are the potential advantages the process offers over
conventional technologies. Chapter 1 dealt with the main advantages o f the sol-gel
process. In terms o f coatings, the process offers; low temperature processing which
allows delicate glasses, semiconductors, integrated electronic components and optical
devices to be coated without causing thermal damage. Large surfaces (e.g. display
windows) can be coated with ease and coating thicknesses can be tailored to yield very
thin coatings (or thicker when necessary). In many cases, the most important advantage
is the ease o f producing coatings with enhanced transparency Sol-gel processing of
thin films is also efficient allowing excess materials to be recovered leaving little waste 
[6]
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Methods of coating sol-gel solutions are varied and in most cases are dictated by the 
application o f the finished article. Technologies include plasma assisted sputtering 
(PAS), chemical and physical vapour deposition (C and PVD), laminar flow/curtain 
coating, spray coating, evaporation, Langmuir-Blodgett film formation, dip and spin 
coating. Methods o f spinning and dipping are probably the most favoured methods, 
because they do not require sophisticated and expensive apparatus. It is for this reason, 
the latter will be discussed in greater detail in the following chapter.
3.2 COATING STABILITY
Coating sols is usually carried out after the alkoxide has been partially hydrolysed. 
Coating prior to hydrolysis can be done when water from the atmosphere is adequate. 
Following hydrolysis, there is usually a specific time (prior to gelation) during which the 
coating process can be completed. This is because the solution will constantly undergo 
changes in rheology, viscosity, hydroxyl content, molecular weight and morphology all 
of which will directly affect the nature o f the coating.
Storage o f sols under inert atmospheres is sometimes used as a method o f controlling 
stability. Other methods involve the use o f ORMOSILS by replacing a hydrolysable 
group with a non-hydrolysable group so that further hydrolysis is minimised. Probably 
one o f the most common methods employed to increase the ‘shelf life’ o f sols is to use 
complexing or stabilising molecules, with which hydrolysable ligands o f the alkoxide 
can chelate. This has the effect o f increasing the steric hindrance o f the hydrolysable 
group, making it more difficult to undergo hydrolysis.
3.3 COATING TECHNIQUES
3.3.1 Spinning
Spin coating is a more modem technique than dipping, however its preference for the 
deposition o f photoresist in the electronics industry has allowed the process to be 
studied extensively both in industry and academia. Scriven and Brinker have both
—
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discussed the theoretical, mathematical and physical implications o f the spinning 
process in some detail. A general insight is provided by Reuter and Brandherm and 
the mechanisms o f spin coating o f polymer films is discussed by Lawrence
Vorotilov et investigated two factors having the most important influence on spin 
coating (i.e. speed and processing temperature o f the sol-gel silicate sols). They found 
that both thickness (x) and uniformity are determined by centrifugal force, polymer 
rheology, solvent evaporation and porous microstructure. Furthermore they found that 
substrate temperature as well as that o f the deposited liquid leads to thicker films. The 
inverse relationship is thought to be a result o f changes in solvent vapour pressure with 
additional consideration for viscosity. It is well known that an increase in viscosity will 
yield thicker coatings and Martinsen et al have used thin films to study the 
microstructure o f silica and alumina on corresponding substrates. Thicker coatings can 
also be produced by repeatedly spinning, with subsequent annealing prior to the next 
spinning step. This has been showed recently by Syms and Holmes using titania as 
the depositant sol. Spun-on multilayer systems have been used for a variety of 
applications, typically high reflection (>99%) thin films for the optical industry (e.g. 
high power laser systems, using various alternating layers; silica-alumina silica- 
zirconia and silica- titania ^^ )^.
Spin coating is a relatively rapid process and can therefore be performed in a batch 
mode. The process is limited however to flat substrates whose axis o f symmetry is 
perpendicular to the plane. The main advantage of spinning is the uniformity o f the 
coatings that result, which is important especially for applications in industry; typically 
this was highlighted by Bomside et al who used spin coating to produce photoresist 
films whose thickness and uniformity critically influenced the resolution of 
photolithography. Characteristics o f such coatings have been discussed by 
Meyerhofer^ ^^  ^using a model devised to describe the process o f spinning.
In 1958 Emslie et al showed by solving equations of Newtonian liquids (those that 
do not exhibit shear dependence o f the viscosity during spin-off, but do exhibit shear
thinning) on a spinning disc, that centrifugation o f an initially uniform fluid layer is not
_
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disturbed by spinning as the height o f the layer is reduced. Scriven found agreement 
with this and reported that this tendency is due to a balance between the two main 
forces: centrifugal and viscous (friction). The centrifugal force overwhelms the force of 
gravity during the spin-up stage and the subsequent thinning squelches all inertial forces 
other than the centrifugal Emslie also stated that initially irregular fluid
distributions tend towards uniformity under the forces o f centrifugation, confirming 
evidence for the reproducibility o f the process for thin film production
The process o f spin coating can be divided into four main categories namely;
Deposition an excess o f liquid is dispensed onto the surface o f the spinning
substrate
Spin-up centrifugal force rapidly forces the sol to the outer edge o f the
substrate
Spin-off excess sol at the perimeter o f the substrate is forced away as
droplets
Evaporation which forms the main mechanism of film thinning, but may
contribute to each o f the above
Figure 3.1 illustrates the spin coating process as highlighted above.
S P IN -U PDEPOSITION
EVAPORATION
S P IN -O F F
Fisure 3.1: Schematic Illustrating the Process o f  Spin Coating
As the film thins, the excess sol is gradually removed (spin-off) at a slower rate, 
primarily because the film is thinner with increasing resistance to flow and the 
concentration o f non-volatile species increases. This has the effect o f increasing the 
viscosity ( 77) too.
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Scriven described the thickness o f an initially formed film during spin-off:
t(0  = To/ (1+ A . p . c f  .To.t ! 2> rjŸ'^  (3.1)
where Tq is the initial thickness, t is the time, œ is the angular velocity; co and p  are 
assumed constant. Following this equation, films which are not o f uniform thickness 
will tend towards the condition with time During spinning, a convection current in 
the vapour above the substrate is created, causing a fairly uniform mass transfer 
coefficient {m), thus the rate o f evaporation also tends to be fairly uniform. The final 
thickness of the film is established when the liquid becomes too thin and viscous that it 
no longer moves.
It is possible to describe the final thickness o f the film using Meyerhofer’s spin coating 
model which separates spin-off, evaporation and the total time elapsed to reach the 
thickness:
T  (final) = (1 - /7A /  a )  • ( 3  e  /
where /?a is the mass o f volatile solvent per unit volume, is its initial value and e  is 
the evaporation rate which is dependent on the mass transfer coefficient. However this 
equation relates to Newtonian liquids which do not exhibit shear rate dependence on 
viscosity during spin-off. Liquids which become thinner due to shear, often produce 
coatings which are thicker towards the centre (where the centrifugal force is minimised). 
Modem, commercial spin coating apparatus however, overcome this by employing a 
liquid dispensing arm which moves in a radial fashion. Brinker reports that Bomside 
et al are working towards developing a model specifically for sol-gel systems, which 
accounts for overlap o f spin-off, evaporation and progressively increasing viscosity.
3.3.2 Dipping
Dip coating polymeric or particulate sols onto substrates to yield thin films requires 
considerably less equipment and is therefore potentially less expensive than other 
techniques and is thus favoured in industry. Dislich and Hussmann reviewed in
_
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some detail, the history, procedure, chemistry and common applications o f dip coating, 
focusing on the optics industry for single and multi-layer systems: typically IROX^  ^(the 
sun-shielding glass), heat mirrors, cold mirrors, rear-view mirrors, colour conversion 
filters and anti-reflective layers. Other reviews of the technique have been reported 
27-30] pj-oblems with using the technique for thin film production have been highlighted 
sols had to exhibit spinnability during the hydrolysis and polycondensation reactions 
for improved quality. It was further reported that repetitive dipping yielded thicker 
coatings as did Lee et al (see Figure 3.2) who further investigated the bonding 
mechanism and strength o f alumina on slide-glass using wavelength dispersive X-rays, 
and found that multiple coatings using a sol with low viscosity was necessary to yield 
sufficient quality. Micro-hardness, electric resistance and corrosion resistance were also 
reported to be improved. Nass and Schmidt also used alumina (prepared by 
chelating with AcAcH and EAA) to show the potential o f chelating alkoxides for thin 
film production, yielding nearly crack-fi*ee, ultrafine, dense microstructures.
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Fisure 3.2: Relationship between Number o f Coats and Thickness
The process has been used by Britten and Thomas to produce high reflector optical 
coatings for laser-damage resistant coatings, exploiting the economic advantages as 
opposed to the more expensive electron-beam evaporation method. Zirconia films have 
been prepared by Toghe et al who concluded that the optical transmittance o f such
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films are highly sensitive to humidity in which the process takes place.
Akin to spin coating, batch dipping can be divided into stages namely;
immersion during which the substrate penetrates the coating solution
start-up the point at which the substrate begins to retract to the
starting position
deposition and simultaneous processes that occur during retraction o f the 
drainase substrate and
evaporation as with spinning; forms the main mechanism o f thinning.
Using volatile solvents, evaporation accompanies each of the steps during the process. 
Dipping can additionally be utilised as a continuous process which is simpler owing to 
specific advantages:
(a) immersion is separated from the other stages,
(b) start-up is virtually eliminated and
(c) drainage is ‘hidden’ during retraction o f the substrate.
Figure 3.3 illustrates the dipping process, with Figure 3.3(f) showing the continuous 
system
In the case of continuous dipping (see Figure 3.3f) the substrate exits the bath ‘dragging’ 
the coating solution in a fluid mechanical boundary layer. At step three (i.e. deposition) 
the boundary layer splits into two with the outer layer returning to the bath, whilst the 
inner layer continues in the direction o f the substrate. At this stage many forces 
compete to govern the overall thickness o f the deposited layer
(a) viscous drag upward on the liquid by the moving substrate,
(b) force o f gravity,
(c) resultant force o f surface tension in the curved meniscus,
(d) inertial force of the boundary layer liquid arriving at
(e) surface tension gradient
(f) disjoining or conjoining pressure which may be important for thin films
(<lpm).
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Fisure 3.3: The Process o f Dipping
However, Scriven reported that the thickness o f the deposited film is related to the 
position of the stream-line dividing the upward and the downward moving inner and 
outer layers respectively. The system is referred to as steady-state (with respect to the 
liquid bath) when the velocity o f the receding edge o f the coating equals the withdrawal 
speed U. When the liquid viscosity (r|) and substrate speed {U) are sufficient to lower 
the curvature o f the meniscus, film thickness (t) is the thickness that balances the
viscous drag (a rj C/ / p g Ÿ  and force o f gravity (pgh):
T=ci {y\U!pg) 1/2 (3.3)
where ci (the proportionality constant) approximates to 0.8 for Newtonian liquids. In 
sol-gel processing, however, it is often the case that substrate speed and liquid viscosity 
are not high enough and in such cases the balance is achieved by liquid drag and surface 
tension (ylv) as depicted by Landau and Levich in the following expression:
h = 0.94 (riC// Ylv)  {^U !pg)11/2 (3.4)
3-8
Chapter 3 Methods o f Coating
Deviations from the model can be observed as U  increases. Precursor structure, 
particle-particle interaction, pH and viscosity can also cause model deviations. These 
are mainly caused because the model assumes constant Newtonian behaviour and fails 
to account for evaporation, which is usually expressed in terms o f empirical mass 
transfer coefficient m, according to:
M = /w(pe-pi) (3.5)
where pe is the partial pressure o f the volatile species in local equilibrium with the 
surface and pi is the same at a distance As a result o f evaporation, the composition 
o f the sol bath will not change, but will produce much thinner coatings o f increased 
concentration at a given U\ the slower the withdrawal speed of the substrate, the thinner 
the coating - viscous drag. Condensation is known to continue well after gel formation 
(as discussed in Chapter 1) and the rate at which this occurs will be affected by 
evaporation, which itself will dictate the overall extent o f cross-linking.
3.4 DRYING
It is a consequence o f both coating methods that the deposited sol will dry to an elastic 
gel network as discussed in Chapter 1. The subsequent increase in concentration and 
further evaporation gives rise to the microstructure and properties o f the resultant film. 
With that, as experienced with bulk gels, capillary stresses in the pore liquid balanced 
by compressive forces, causes the solid phase to contract and maybe collapse. The 
tension at the drying surface is given by the Laplace equation and is discussed in more 
detail in Chapter 1, as are the separate stages o f drying (see Section 1.5).
3.5 ALTERNATIVE METHODS of COATING
The main restriction of both spin and dip coating processes is their radially or axially 
symmetrical substrate requirements. For these reasons and if  thick coatings are required 
with one coat, other technologies are necessary. The following section categorises and 
summarises some of the alternative technologies of coating large and awkward shaped 
substrates as devised by Champman and Anderson
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(a) Conduction and Diffusion Processes
Electrostatic Deposition is used to deposit atomised, charged liquids which can be 
electrostatically carried to the substrate where the solvent is evaporated to leave the 
solid film. Electrophoretic Coating uses a conducting substrate onto which colloidal 
particles can be deposited. The substrate is immersed into an aqueous dispersion which 
dissociates into negatively charged particles and positive cations. Using the substrate as 
the anode, an electric field can then be applied causing the colloidal particles to 
discharge at the anode and deposit as a film. In many cases the film requires further 
curing. Electrolytic Deposition unlike the above, is a process that is based on ion 
deposition rather than colloidal particles. Two electrodes are immersed into an 
electrolytic ionic salt which dissociates into its constituent ions. Anions are deposited 
onto the cathode and vice versa. Conduction and diffusion processes include 
anodisation and plasma oxidation.
(b) Chemical Processes
Chemical Vapour Deposition (CVD) usually takes place within very close proximity o f  
the substrate and in some cases actually on it. The depositant can be a metal, alloy or a 
refractory material. Pyrolysis is a type o f CVD but involves the thermal decomposition 
of volatile materials onto the substrate. Electroless Deposition is often confused with 
electro- deposition, but in this no power source or electrodes are used. It is a chemical 
process which is catalysed by the growing film. Other chemical processes include 
plasma assisted CVD and disproportionation.
(c) Wettins Processes
Wetting processes are generally applied to systems where a film is deposited first as a 
liquid, from which the volatile solvent evaporates leaving the solid. Dip and spin 
coating would be termed wetting processes. Hydrophilic Methods are otherwise known 
as the Langmuir-Blodgett techniques, that are used to produce multi-monolayers (e.g. 
long chain fatty acids) anything up to 250nm thick. The substrate is immersed into
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water and retrieved through a compressed layer o f fatty acids on the surface. The 
process can be repeated many times to increase thickness.
(d) Sprayins Processes
These can be considered in two separate categories, (i) macroscopic in which particles 
being sprayed are > 10pm, and (ii) microscopic in which the particles being sprayed are 
mainly single molecules or atoms. Flame Spraying often uses powders (usually o f  
metals) which are carried in a gas stream, through a combustion flame where it becomes 
molten and later solidifies at the substrate surface. Air and airless Spraying were one o f  
the first macroscopic coating processes and works on the basis that when liquids exceed 
a critical velocity, they break up (or atomise) into small droplets which can be targeted 
towards a substrate. Detonation Coating uses precisely measured mixtures o f powder, 
oxygen and acetylene which are loaded into a ‘gun,’ ignited and the powder is 
accelerated at high velocity such that they impinge onto the substrate. Arc Plasma 
Spraying uses refractory powders which passes through a plasma created by low voltage 
and high current electrical discharge. Sputter Deposition is a vacuum process which 
also produces a spray effect by ejecting ions from the depositant by ion bombardment, 
which can be condensed onto the substrate in a similar way to evaporation.
Other methods include: harmonic-electrical spraying, glow-discharge evaporation, 
molecular beam epitaxy, ion beam deposition and ion plating.
Applications o f sol-gel thin films and coatings (see Section 1.9) are also illustrated in 
Table 3.1'^ ’^.
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Table 3.1 - Current Applications o f Sol-gel-Derived Thin Film Coatings
Optically functional Laser optics (reflective, transmitting), architectural,
automotive and domestic glazing, absorbing coatings, solar 
energy coatings.
Electrically functional Electrical conductors, electrical contacts, active solid state
devices, insulators, solar cells.
Mechanically functional Lubrication films, wear resistance and anti-corrosion films,
diffusion barriers, hard coatings for cutting tools.
Chemically functional Corrosion resistance, catalytic coatings, engine blades and
vanes (turbines), battery strips, marine equipment.
Decorative coatings Watch bezels, bands, spectacle frames, costume jewellery.
3.6 EXPERIMENTAL
The SiO] substrates onto which sols were coated and characterised in terms o f surface 
roughness (RMS) and contact angle (0c), the results o f which are discussed in Section
10.2.1 and 10.5.3 respectively. Prior to using the sol to coat, the sol was aged at room 
temperature in a closed glass vessel to allow unreacted and partially-reacted alkoxide 
precursors to undergo hydrolysis and polycondensation reactions at a natural steady rate, 
increasing the viscosity and structural integrity o f the silica-titania network. When the 
sol had reached a t/tg (time/total gelation time) o f 0.85 (85%) the sol was diluted with 
50:50 v/v with absolute ethanol (Hayman; 99.99%), to reduce the viscosity, whilst 
increasing the wettability o f the sol. This prevented cracking o f the coating upon drying 
and ensured good coverage of the substrate. The viscosity of the coating solution 
(P25w2a7) was measured using an Ostwald Viscometer. Readings were duplicated five 
times and averaged to ensure reproducibility and the coating process took place 
immediately after the viscosity measurements, so as to eliminate any discrepancies.
The final viscosity was calculated using the following expression:
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n, tiPi
where T| \ and P i are the viscosity and density o f the sol respectively and T|2  and P i are
that o f the solvent EtOH respectively. The viscosity o f the coating sol was found to be
1.75 X 10'^kerns ' at 298K.
Due to its ability to yield very reproducible uniform and homogeneous films, the process 
o f spin coating was employed using a Hercius Labofuge 200, at a spin speed of 
approximately 900 rpm. l.Ocm  ^ o f the coating solution was dispensed in one constant 
flowing movement, which was executed in a very continuous and meticulously 
controlled manner using a graduated syringe, aimed at the centre o f the spinning SiOz 
substrate. The substrate was allowed to continue spinning for 2 min, ensuring complete 
solvent evaporation had taken place, before gradually reducing the speed o f the spinner 
and removing the substrate. Before any further handling o f the coating, it was covered 
from dust and allowed to stabilise for 15h at ambient temperature.
3-13
Chapter 3 Methods o f Coating
REFERENCES
1. R.W Berry, P.M. Hall, M.T. Harris, "Thin Film Technology,' Van Nostrand 
Reinhold, New York, 1968.
2. W. Geffcken, E. Berger, DRP-Nr, 736411, (1983).
3. H. Schmidt, J. 100, (1988) 51.
4. S.P. Mukeijee, J. Phalippou in 'Glasses and their Applications,' Ed. H. Rawson, 
The Institute o f Metals, Abingdon, 1991.
5. S. Sakka, 'Sol-gel Science and Technology,' Am. Ceram. Soc., Westerville, 1995.
6. L.C. Klein, 'Sol-gel Optics Processing and Applications,' Ed; L.C.Klein, Kluwer 
Academic, Boston, 1994.
7. L.E. Scriven in 'Better Ceramics Through Chemistry III,' Eds; C.J. Brinker, D.E. 
Clark, D.R. Ulrich, Mater. Res. Soc. Symp. Proc., Pittsburgh, (1988), 717.
8. C.J. Brinker, G.W. Scherer, 'Sol-gel Science,' Academic Press, London, (1990).
9. H. Reuter, M. Brandherm, Angew. Chem. Int. Ed. Engl, 34, (1995), 1578.
10. C.J. Lawrence, Phys. Fluids, 31, (1988), 2786.
11. K. Vorotilov, V. Petrovsky, V. Vasiljev, J. Sol-GelSci Technol, 5, (1995), 173.
12. J. Martinsen, R.A. Fagat, M.W. Shafer in 'Better Ceramics Through Chemistry,' 
32, Eds; C.J. Brinker, D.E. Clark, D.R. Ulrich, Mater. Res. Soc. Symp. Proc., 
Pittsburgh, 1983.
13. R.R.A. Syms, A.S. Holmes, J. Non-Cryst. Solids, 170, (1994) 223.
14. J.A. Britten, I.M. Thomas, J. App. Phys., 71, (1992), 972.
15. F. Rainer, W.H. Lowdermilk, D. Milam, C.K. Camiglia, T.T. Hart, T.L. 
Lichtenstein, Appl Opt., 24, (1985), 496.
16. P.F. Bellerville, H.G. Floch, J. Sol-gel Sci Technol, 3, (1994), 23.
17. P.A. Sermon, M.S.W.V. Vong, R. Badheka, D. Grosso, J.E. Andrew, Proc. 2 ^  
Conf. Sol. State Lasers App. /CF., 1996.
18. T. Honda, K. Yanashima, J. Oshino, H. Kukimoto, F. Oyama, K. Iga, J. A ppl 
Phys., 133(A), (1994), 3960.
19. H.R. Bilger, P.V. Wells, G.E. Stedman, Appl Optics, 33, (1994), 7390.
3-14
Chapter 3 Methods o f Coating
20. D.E. Bomside, R.A. Brown, P.W. Ackmann, J.R. Frank, A.A. Tryba, F.T. Geyling, 
J. App. Phys., 73, (1993), 585.
21. D. Meyerhofer, J. App. Phys., 49, (1978), 3993.
22. A.G. Emslie, F.T. Bonner, L.G. Peck, J. App. Phys., 29, (1958), 858.
23. B. Higgins, Phys. Fluids, 29, (1986), 3522.
24. D.E. Bomside, C.W. Macosko, L.E. Scriven, J. App. Phys., 66, (1989), 5158.
25. J.B. Wachtman, R.A. Haber, 'Ceramic Films and Coatings,’ Noyes Publication, 
New Jersey, 1993.
26. H. Dislich, E. Hussmann, Thin Solid Films, 11, (1981), 129.
27. C.J. Brinker, A.J. Hurd, G.C. Frye, K.J. Ward, C.S. Ashley, J. Non-Cryst. Solids, 
121, (1990), 294.
28. C.J. Brinker, G.C. Frye, A.J. Hurd, C.S. Ashley, Thin Solid Films, 201, (1991), 97.
29. C.J. Brinker, A.J. Hurd, P.R. Schunk, G.C. Frye, C.S. Ashley, J. Non-Cryst.
147 & 148, (1992), 424.
30. A.J. Hurd, C.J. Brinker in 'Better Ceramics Through Chemistry,’ Eds; C.J. 
Brinker, D.E. Clark, D.R. Ulrich, B. Zelinski, Mater. Res. Soc. Symp. Proc., 
Pittsburgh, 1987.
31. S. Sakka, K. Kamiya, K. Matida, Y. Yamamoto, J. Non-Cryst. Solids, 63, (1984), 
223.
32. J. Lee, C. Won, B. Chun, J. Mater. Res., 8, (1993), 3151.
33. R. Nass, H. Schmidt, J. Non-Cryst. Solids, 121, (1990), 1329.
34. J. Britten, I. Thomas in 'Better Ceramics Through Chemistry,’ Eds; C.J. Brinker, 
D.E. Clark, D.R. Ulrich, B. Zelinski, Mater. Res. Soc. Symp. Proc., 271, (1992).
35. N. Toghe, A. Matsuda, T. Minami, Chem. Expr., 2, (1993), 141.
36. L.D. Landau, B.G. Levich, Acta Physiochem., 17, (1942), 42.
37. D.E. Bomside, C.W. Macosko, L.E. Scriven, J. Imaging Tech., 13, (1987), 122.
38. B.N. Champman, J.C. Anderson, 'Science and Technology o f Surface Coating,’ 
Academic Press, London, (1974).
39. R.F. Bunshah in 'Deposition Technologies fo r Films and Coatings: Developments 
and Applications,’ Noyes, New York, (1982).
3-15
CHAPTER 4
SPECTROSCOPIC METHODS
Theory and Experimental
Chapter 4 Spectroscopic Methods
4.0 SPECTROSCOPIC METHODS
4.1 INTRODUCTION
Light is made up o f electromagnetic radiation. The speed of light (c) is 2.997x10* ms'\ 
Such radiation differs only in wavelength (À) (ranging from y-waves where X = fractions 
of Angstroms to radio-waves where ^ = m (and km)) as shown in Figure 4.1
Visible and 
ultra-violetE.s.r. Microwave Infra-red X-ray y-ray
cm* '100 10" Wavcnumber 10'
100 nmlOm Ijim100 cm 1 cm 10 nm Wavelength 100 pm
3 x  10» 3 X 10'" Frequency 3x10 '»3 X 10" Hz
10» joiiles/mole 10^ Energy 10’10»
FÎ2 ure 4.1: The Electromagnetic Spectrum
Emission and absorption spectra exists; the former is obtained by analysing the light 
emitted from a source and the latter is obtained by the spectroscopic analysis of light that 
is transmitted by an absorbing medium. A molecule absorbs photon radiation (AE) equal 
to:
AE = hv = h e / À (4.1)
where h is Planck’s constant (6.626 x lO’^ '^ Js) and v is the frequency. AE (energy 
change) may be used to change the electronic, vibrational or rotational state o f the 
molecule, where AE is largest for electronic energy changes, smaller for vibrational 
energy changes and smallest for rotational energy changes
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The higher the frequency, the shorter the wavelength. If a molecule absorbs radiation in 
the far infrared or microwave region, only its rotational energy changes, regardless of its 
electronic or vibrational state. If the radiation source is o f higher energy, like the near 
infrared region, both the vibrational and rotational energies will be affected. And with 
ultra-violet light, changes in rotation, vibration and electronic states will occur This is
exploited as an analytical tool in all disciplines of Chemistry, particularly for organic 
compounds
Wavenumbers (1)) with units o f cm‘  ^ (see Equation 4.2), are easier to use than 
frequencies, since values are a factor o f 1 0 ®^ greater.
Ü (w a v e s /c m ) "  1 /  X  =  wovenumbers (crri )^ 0 ^ )
Considering Equation 4.1 it can be shown that:
AE = /rv = / r ‘t? c 0-3)
and so l) can therefore be taken as a measure o f energy.
The more common spectroscopic techniques often used for characterisation purposes 
(i.e. Infrared, Raman and UV-Vis), together with. X-ray Diffraction (XRD), X-ray 
Photoelectron (XPS), Electron Spin Resonance (ESR), Nuclear Magnetic Resonance 
(NMR), Secondary Ion Mass Spectrometry (SIMS) and Neutron Reflectance (NR)) are 
considered here briefly.
4.2 VIBRATIONAL SPECTROSCOPY
4.2.1 Infrared
IR began following simple experiments carried out by Herschel in 1800; the first 
commercial IR products were available in the I940’s
The regions usually considered for IR can be seen in Table 4.1.
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Table 4.1: Regions o f the Infrared Spectrum
- Wavenumber (cm^) Region
near IR 14,300 - 5000 photographic and overtone
m 5000 -  400 fundamental vibration
farIR 400 -  20 rotation
Fundamental Vibrations. For a molecule containing N  atoms, it is possible to pin­
point the exact position o f the molecule by specifying x, y  and z  co-ordinates for each 
atom. So the total number of co-ordinates is 3 #  and so it can be said that the molecule 
has 3N  degrees o f freedom. As a unit the molecule is free to move in three dimensions in 
space, without changing its shape. Such movements can be referred to by its centre of  
gravity at any one instant. Translational movement uses just three o f the 3 #  co-ordinates 
leaving 3N -  3 degrees o f freedom. Rotation (of a non-linear molecule) also requires 
specification of three perpendicular axes and so the molecule is therefore left with 3 N -  6 
degrees o f freedom. The only other permitted motion o f a molecule is that o f internal 
vibration, so it is possible to say for a non-linear N  atomic molecule, that it has 3N -  6 
fundamental vibrations. For a linear molecule though, there is no rotation about the 
bond axis, leaving only two degrees o f rotational motion; hence 3N -  5 degrees of 
freedom. The former 3N -  6  rule is best illustrated using molecular water (see Figure 
4.2) which is triatomic and non-linear:
(c) Anti-symmetrical Stretch(b) Symmetrical Bend(a) Symmetrical Stretch
Fisure 4.2: Symmetry o f the Water Molecule and its Three Vibrations
Here the three atoms o f water {N = 3) can be seen with their corresponding normal 
three modes o f vibration according to 3N  - 6  = 3. The Figure also shows the C2 axis
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about which the molecule can be rotated 180° and maintain an identical appearance. In 
addition to the molecule possessing vibrational or rotational frequency the same as that 
of the electromagnetic radiation, for IR to be active, there must also be a change in the 
dipole moment (the mechanism by which the molecule is coupled to the incident energy) 
either parallel like (a) and (b) or perpendicular like (c). Such vibrations also correspond 
to the methylene group as do wagging, twisting and rocking, each o f which can be seen 
below in Figure 4.3
(a) Wagging (b) Twisting (c) Rocking
(+) motion IN and (-) motion OUT of the plane o f the page
Fisure 4.3: Vibrations Associated with Changes in Dipole Moments
Measurement o f the vibrations shown in Figure 4.2 and 4.3, rely on IR detectors capable 
of converting radiation incident upon it, into an electrical signal which comprises (i) the 
response to the radiant signal energy and (ii) inherent fluctuations (noise), whose 
usefulness is limited by relative signal:noise ratio. Practical detectors can be divided into 
two groups, depending on whether the heating effect o f the incident radiation is observed 
(thermal) or whether the interaction of incident radiation with the detector material, 
freeing bound electrons is observed (photodetector). The main difference is that thermal 
detectors respond to the total energy absorbed and photodetectors respond to effective 
quanta Examples o f thermal detectors include the ‘cooled bolometer’ and the ‘Golay 
pneumatic detector’. Photodetectors can be based on photoemissive, photovoltaic, 
photoconductive or photoelectromagnetic principles.
Fourier transformation is the method by which any property, which varies with time is 
analysed ‘into its harmonic components.’ For radio and micro-wave radiation, there are 
detectors which can respond sufficiently quickly to low frequency (<100GHz) and record 
the time domain directly. For IR and UV radiation however, the radiation frequencies 
involved are so high (>600GHz), that this is no longer possible.
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The time domain signal does not resemble the signal normally observed from the 
spectrophotometer and it is the modification o f the signal into the intensity against 
wavelength (or wavenumber) type spectrum that involves the process o f Fourier 
transformation. The technique has mostly been used in the far-, mid- and near IR regions 
of the spectrum and the instrument is thus called an FT-IR spectrometer, the important 
component o f which is an interferometer (Michelson 1891). However it can easily be 
modified for use in the UV-Vis region
4.2.1.1 Acidity and Infrared
In many cases, mixed oxides exhibit unique properties which are not observed for the 
individual oxides of which it is composed For example silica-titania which is a 
stronger acid than either silica or titania. Unlike silica-alumina for example, the enhanced 
acidity o f silica-titania is not entirely believed to be created as a result o f a charge 
imbalance and this topic has formed the basis for much debate in the past. A model 
suggested by Tanabe in 1974 suggested two scenarios accounting for the increased 
acidity when a metal atom is substituted into the structure o f the host oxide: (a) that the 
coordination number o f metal atoms in the pure oxide is retained in the mixture and (b) 
that the major component o f the mixture determines the coordination number o f oxygen, 
causing a charge imbalance leading to the generation o f new acid sites. A titanium-rich 
system has Lewis acidity (LA), whereas a silicon-rich has Brcjinsted acidity (BA) This 
model is more than 90% successful. Seiyama on the other hand believes that new 
acid sites form at the boundary o f two oxides, where for example in silica-titania, a 
bridging oxygen between silicon and titanium develops a negative charge. This would 
therefore result in BA.
Lewis and Br(j)nsted Acidity result from partially hydroxylated oxide surfaces which 
has hydroxyl groups and coordinatively unsaturated metal cations and oxygen anions, 
each o f which are capable o f taking part in an acid-base reaction. Exposed 
coordinatively unsaturated cations may act as acceptors for free electron pairs o f  
adsorbate molecules; such sites give rise to LA according to:
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M”%, + : B(J) o  M"*: B (4.4)
The strength o f such sites depends on the charge and the size o f the cations. On the 
other hand, BA results from surface hydroxyl groups, which may undergo dissociation to 
protonate adsorbed bases:
B + H O - o -  BH* + O '- (4.5)
The resulting conjugate acids and bases are stabilised on the surfaces by electrostatic 
interaction with each other and the oxide itself.
Determination of Acidity. Spectroscopy can be used to investigate acidity using 
adsorbed basic probe molecules such as ammonia, pyridine or amines which bond to 
the surface via three mechanisms:
(a) probing BA by amine protonation by a surface hydroxyl
C A N  + H O - -4^  C5H5NH" + O '- (4.6)
(b) LA analysis via electron lone pair donation from the nitrogen to the surface 
cation of the oxide involving a-donation, and
(c) hydrogen bonding, which is the weakest interaction.
The presence o f both acid types can then be identified by their characteristic bands in the 
infrared region of the spectrum, however the technique fails to provide a means of 
acquiring quantitative information on the strengths o f the acid sites (or pKa values).
4.2.1.2 Experimental
FT-IR M-O-M bond vibration data were acquired using a Nicolet Magna IR 550 set in 
absorbance mode over the region 400cm'^ to 4000cm'\ although often for illustrative 
purposes, only the region in which the vibrations of interest occur is shown. To reduce 
the noise: signal ratio 100  scans were obtained (where possible three times for
4-6
Chapter 4 Spectroscopic Methods
reproducibility) using a KBr spectrum for background subtraction. Powder samples 
were prepared by grinding in an agate pestle and mortar, homogenising with dry 
spectroscopic grade KBr (Aldrich; 99.99%) in a sample : KBr ratio o f 1:10, grinding the 
mixture and pressing for 2 min under a pressure o f ~  lOPa. Spectra were only obtained 
once deaeration o f the sample chamber with N2 had taken place. N 2 purging was 
continuous throughout the experimentation. Liquid samples were analysed in the form 
of thin films between spectroscopic grade polished NaCl plates (Aldrich). For the 
adsorption o f pyridine, the IR discs were stored in a dessicator containing silica gel 
indicator and an excess of pyridine (Aldrich; 99.8%) for a period o f seven days at 
ambient temperature. The discs were then re-analysed using the conditions described.
4.2.2 Raman
In Raman the sample is irradiated by an intense monochromatic laser beam in the UV-Vis 
region and the scattered light is usually observed in the direction perpendicular to the 
incident beam (see Figure 4.4) The scattered light consists o f two types: Rayleigh 
Scattering (which is strong and has the same frequency as the incident light) and Raman 
Scattering (with frequencies above and below that o f the incident beam).
If the scattered radiation is lower in frequency than the incident, it is referred to as 
Stokes' radiation and is accompanied by an increase in molecular energy. Subject to 
specific selection rules, this can always occur. On the other hand, if the scattered 
radiation is higher in frequency than the incident, it is referred to as anti-Stokes’ 
radiation and is accompanied by a decrease in molecular energy. However, this can only 
occur if the molecule is initially in a vibrational or rotational state. Both are very small 
and veiy sensitive instrumentation is necessaiy. In order to be Raman active, a rotation 
or vibration o f a molecule must disturb its polarisability. That is to say, when a molecule 
is placed into a static electric field, it will exhibit distortion which is brought about by 
positive nuclei being attracted towards the negative pole of the field, whilst electrons are 
being attracted towards the positive. The result o f these forces causes an induced 
electric dipole moment to arise and thus, the molecule is said to be polarised (FT)-
Raman spectroscopy has proved a useful tool in the structural study o f gel-glass
_
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transitions and because of its reduced sensitivity to silica it was used to 
investigate the presence o f titania as an indication o f phase separation.
IR
lo (V) ^
Sample I (V)  ^
RAMAN
Vo ^
Sample(laser)
1r
(Raman Scattering) 
Vo+Vm 
Vo-Vm
(Rayleigh Scattering) 
Vo
Figure 4.4: Difference between IR and Raman Spectroscopy 
4.2.2.1 Experimental
Samples were ground using an agate mortar and pestle. The Raman data were collected 
on a Perkin Elmer 1760X FT-Raman spectrophotometer, using a 1064nm Nd:YAG 
excitation laser source incident to the sample and detector at 180° at a power o f 0.5W. 
Spectral noise was reduced using liquid nitrogen and 100  scans were accumulated at a 
spectral resolution o f 4cm'\ The spectra were recorded over a region o f 400 - 4000cm'\
4.3 ELECTRONIC SPECTROSCOPY
Changes o f electronic energy involve relatively large quanta. For a given molecule under 
normal conditions is termed its ground state and subsequent higher electronic energy 
levels are called first and second excited states. Each electronic level is made up o f a 
ground state and several possible vibrational states. Similarly, for each vibrational state, 
there are several possible rotational levels. Since electronic changes occur at high 
frequencies, it is evident that transitions are accompanied by changes in the electronic
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distribution o f molecules and the absorption intensity o f an electronic transition at a 
given wavelength, is dependent on the size of the absorbing molecule
Valence electrons and transitions. Electrons involved in single bonds are called cr 
electrons, whereas those o f double bonds are tv  electrons and in unsaturated systems, it is 
the latter which determine the energy states of electron sheaths, excited by the absorption 
of light in the ultra-violet or visible region. As well as the above, there are the non- 
bonding electrons in molecules containing atoms like nitrogen and oxygen. These are 
referred to as n electrons. The higher the energy of the electrons, the less strongly bound 
in the orbital they become; n electrons are bound less strongly than bonding electrons 
and their interaction with both cr and tv  electrons is considerable, cr electrons are bound 
more strongly than tv  electrons and in the antibonding levels c* has a higher energy than 
the Tv^  level. This is shown in Figure 4.5.
i L Antibonding (j*
Antibonding n *
E Non-bonding n
Bonding TV
Bonding cr
FÎ2 ure 4.5: Electronic Energy Levels o f a Molecule
In terms of the transitions that are possible considering the energy levels discussed, the 
first is that from a bonding orbital in the ground state to a higher energy antibonding 
orbital. For example the cr cr* is observed in the far UV region and ;r ;r* in the 
near UV. The second type o f transition results from the excitation from a non-bonding 
orbital to an antibonding orbital. For example « ^  cr* is in the near UV and n ;r* in 
the near UV or visible. The former are usually found in the case o f saturated molecules 
containing singly bonded basic groups with atoms having unpaired electrons 
{auxochromes e.g. C-OH and C-NH2). The latter type are found in the case o f molecules 
in which hetero atoms are multiply bonded with unpaired electrons (e.g. C=0 and - 
N=N‘^ ’).
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4.3.1 Ultra-violet - Visible
This addresses transitions involving cr and n  electrons, which are largely exhibited by 
organic compounds. However, the electronic spectra o f transition metal compounds and 
complexes originate from transitions involving d  electrons. Such transitions can be 
observed in the visible and near IR regions, but are often weak. In addition, transitions 
involving transition metal complexes give rise to charge transfer bands. They are more 
intense and are seen in the UV region. The relationship between d  electron transitions 
and colours exhibited by transition metal complexes has been understood since the early 
1950’s; ions with no d  electrons or with maximum d  electrons are colourless, whilst 
those with half filled d  shells, exhibit pale colours. Transition metals with incomplete d  
shells exhibit a range o f fairly intense colours ranging from pale pink, through violet and 
green to blue
The d  shell is five fold degenerate (see Figure 4.6) in the absence o f external fields.
4.3.1.1 Experimental
UV-Vis was used to illustrate the nature o f Si-O-Ti linkages identifiable by the 
absorption edge of Ti for P5 - 25w2a7 and R25w2a7 following thermal treatment at 
343K. The results were compared with silica and titania. The spectra were recorded in 
the range of 2000-250nm, scanned at a rate o f 50nm min'\ using a Perkin Elmer Lambda 
9 UV-Vis Spectrophotometer, operated in reflectance (FR) mode with a diftuse 
reflectance cell in air. The background was commercial titania powder (Tioxide). UV- 
Vis was also used to determine the % transmittance of films derived from P25w2a7 (See 
Section 10.3).
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{1
Fisure 4.6: Cross Section Illustration o f  the Five d  Orbitals
4.3.2 X-Ray Diffraction
X-Rays were discovered by the German physicist Roentgen in 1895 and were so named 
simply because their nature was unknown at that time In the same way as light, they 
travel in straight lines and affect photographic film. They are o f much shorter 
wavelength than light and occupy the region between ultraviolet and gamma rays in the 
electromagnetic spectrum (see Section 4.1), X is approximately lOnm - 100pm. X-rays 
are produced when any electrically charged particle (e.g. electrons) with sufficient kinetic 
energy is rapidly decelerated. The process takes place in an X-ray tube which is mainly 
composed o f two electrodes: a heated metallic electron source filament (e.g. tungsten) 
as the cathode and a water cooled block of copper containing the target as the anode. 
The arrangement is contained within an evacuated glass envelope. A constant high 
voltage across these electrodes ( 10  ^Volts) rapidly attracts the electrons emitted from the 
cathodic filament towards the anode, where they strike at very high velocity. X-rays are 
thus produced at the point o f impact and are radiated omnidirectionally. It can therefore 
be said that if ec is the charge o f an electron (4.8x10'^^ esu*), v is the voltage (esu) across 
the electrodes, the kinetic energy (KE) o f the electrons on impact is given by the 
expression:
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KE = Cc.v = Vz . nte. (4.7)
where nie is the mass o f an electron (9.1 IxlO'^^g) and v is its velocity just before impact, 
where only about 1% of the energy is converted to X-rays; most is dissipated as heat (* 1 
volt = 1/300 (esu)). It wasn’t until 1912, that the exact nature o f X-rays were 
understood - the year in which the phenomenon o f XRD was discovered.
X-rays from the target consist o f many wavelengths and their intensity is found to be 
dependent on the tube voltage. As the tube voltage increases, so does the intensity, but 
the wavelength decreases. Such radiation is referred to as continuous or white radiation 
since like light, it is made up of many wavelengths. The continuous spectrum results 
from the rapid deceleration of electrons hitting the target. Some electrons are stopped at 
once on impact, whilst others are deviated on impact and continue to decelerate upon 
impact with atoms o f the target, until all the energy is spent. The former give rise to 
photons o f maximum energy (and X-rays with minimum wavelength). The total number 
of X-rays emitted per second is also dependent on the atomic number (Z) of the target as 
well as the tube current. Where large amounts o f continuous radiation are desired, a 
heavy metal (e.g. tungsten; Z=74) could be used as the target, with as high a voltage as 
possible. It is important to note that the material o f the target affects the intensity o f X- 
rays, not the wavelength distribution o f the continuous spectrum. Most XRD 
investigations usually require monochromatic radiation as the source, so filters are used 
which are normally materials which have an atomic number 1 or 2  less than that o f the 
target metal. For example for a Cu target (Z=29) a Ni filter (Z=28) may be used.
To simplify the phenomenon, consider an atom made up of a central nucleus, surrounded 
by electrons in various electronic shells (see Figure 4.7). If an electron bombarding the 
target has sufficient kinetic energy, it can knock a K electron out o f it’s shell, leaving the 
atom in a high energy (excited) state. One o f the outer electrons is then capable o f filling 
the vacancy in the K shell, whilst simultaneously emitting energy. The atom is once 
again returned to it’s normal state. The emitted radiation is characteristic K radiation. 
However the K shell vacancy could be filled by any o f the outer shell electrons, giving 
rise to a series o f K lines, namely Ka and KP, resulting from a filling electron from the L
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or M shell respectively. It is more probable however for the vacancy to be filled by the 
former, giving rise to an increase intensity of the Ka line. Characteristic L lines are 
formed in the same way. It requires less energy to remove an L electron than a K 
electron, because it is further away from the nucleus
K Shell
L Shell
M SheU-
Fisure 4.7: A Schematic o f Electronic Transitions o f an Atom
XRD was well established by the German physicist Von Laue (1912), who recognised 
that like light. X-rays are diffracted whenever a wave motion encountered a set of 
regularly spaced scattering objects, provided that the wavelength of the wave motion 
was of the same order of magnitude as the repeat distance between them.
The relevant mathematics were made simpler by W.H. Bragg (1862-1942) and W.L. 
Bragg (1890-1971), who produced the Bragg equation (see Equation 4.8), which must 
be satisfied for diffraction to occur:
sinO = nÀ/2d (4 8)
where d  is the distance separating the layers of the atoms or ions in the crystal, 0  is the 
complement o f the angle o f incidence, and n is an integer
4.3.2.1. XRD Line Broadening
Broadened lines may arise from very small crystallite size, particularly if the lines are very 
broad and diffuse. Well-crystallised material should give reasonably sharp lines, at all 
angles if the crystallite dimension is larger than 0.1 jum. As the dimension falls below this
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level, the sharpness of the back-reflection lines is affected, making resolution difficult. 
Below 0.01/mi, the back-reflection lines disappear entirely and the low angle lines 
become very wide and even more diffuse. If some lines are noticeably wider than others 
at approximately the same Bragg angle, it may indicate either that the crystallites have a 
characteristic shape involving some long and some short dimensions, or that certain kinds 
of lattice imperfections or distortions are present. Even with perfect crystals and in the 
absence o f lattice defects, some broadening o f reflection lines is observed; this 
instrumental broadening as it is referred to, is independent of pure diffraction effects and 
arises from a variety of causes (e.g. divergence of the incident beam) In making 
measurements on the broadening produced by small crystals, it has to be assumed that 
the distribution o f intensity across a line is, under all conditions, Gaussian. Broadening 
due to the crystal can then be determined using
B t  =  B m +
where Bt is the total breadth o f the line, Bal is the breadth arising from the instrument 
(determined by calibration using a known powder (see Section 4.3.2.2) and Bm is the 
breadth produced by the small crystallites, the dimension o f which can be determined 
using the Scherrer equation (see Equation 4.10).
Having discussed the way in which X-rays are produced for XRD analysis, mechanisms 
by which diffraction o f amorphous and crystalline materials are brought about have been 
omitted due to length restrictions o f this section. Except to say in general whenever 
atoms or particles are sufficiently disordered, there is diffraction o f the gaseous type: the 
observed intensity is the sum of intensities diffracted by each individual particle. Broad 
signals resembling the baseline are thus observed. Therefore as Debye and others found 
out, it is not possible to use XRD as a method o f identification of amorphous bodies. 
However, when particles are completely ordered (like crystals) and Bragg conditions are 
completely satisfied, the amplitudes add up, giving intensities proportional to the number 
of particles. Distinct characteristic signals are obtained, which are compared with known 
standards for identification
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4.S.2.2. Experimental
In the present study, XRD was used to confirm FT-Raman data and to verify the nature 
of titania crystallites resulting from phase separation as a function o f thermal treatment. 
Samples were prepared by grinding using an agate mortar and pestle and placed into a 
holder, secured with transparent polyester film. XRD powder patterns were measured 
on a Phillips PW 1710 diffractometer using Ni filtered Cu K a  radiation {X = 0.15406nm) 
at 36kV and 26mA, over a 20 range o f 10-90° at a speed o f 0.02°sec'\ The instrument 
was calibrated using pure aluminium powder (Koch; 99.9%, ~ 50pm), allowing the 
dimensions o f the anatase crystallites to be determined from line broadening (see 
Equation 4.9) and the Scherrer equation (see Equation 4.10).
Broadening due to the instrument was eliminated by calibration with a known aluminium 
standard. Figure 4.8 shows the calibration curve obtained. The 20 value for each 
measurable or most intense anatase signal was used to determine, from the calibration 
graph, the broadening associated with the instrument ( B al)- Subtracting this from the 
total line broadening ( B t)  due to the sample and the instrument (from the diffractograms) 
(Equation 4.9) provided the line broadening resulting from the sample only ( B s ) .  The 
values were then used in the Scherrer equation (4.10):
c  X
(Bm' -  B a l'K  cos e 
where t is the average crystallite size, C is the Scherrer constant (0.893), X is the 
wavelength of the Cu Ka radiation, 6  is the Bragg angle and Bm and Bai is the width o f  
the peak at half Imax in radians for the sample and the standard (aluminium) 
respectively^^l
4-15
Chapter 4 Spectroscopic Methods
1.4
1.3
1.2
1.0
0.9CQ
0.8
0.7
0.6
0.5
0.4
30
20
Fisure 4.8: A l Calibration fo r  XRD-Line Broadening
4.3.3 X-Ray Photelectron
Photoelectron spectroscopy (PES) allows the determination o f binding energies or 
ionising potentials o f electrons in different orbitals. Binding energies (BE) o f a given 
atom or molecule can be measured and because they are characteristic o f the parent atom 
or molecule, the technique offers a means o f compound identification and a method by 
which the state of elements (spéciation) may be obtained
There are many ways in which radiation may interact with matter. In PES the interaction 
is referred to as "the photoelectric effect. ' Simple absorption o f a photon by matter (M) 
can be expressed as
M + h v ^ M *  (4.11)
where M* is an excited state of M and o f higher energy, h and v  are Planck’s constant 
and the frequency of radiation respectively. One o f the many ways in which this energy 
can be lost is by electron emission (auto-ionisation);
M* = ]vr + e"
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and is therefore at least a two step process. The photoelectric effect however, is a one 
step process;
M + /iv=M * + e ‘
Ejection of the photoelectron (G ), caused by bombardment o f monoenergetic X-rays
possess kinetic energy, the spectrum of which is measured and this gives rise to the 
fundamentals o f XPS. The energies o f ejected electrons is dependent on the photon and 
the orbital from which the electron was ejected and can be simply related to the binding 
energies o f the sample atom or molecule
Figure 4.9 depicts the process o f XPS where electrons (circles) are shown in different 
energy levels o f an atom with characteristic binding energies or ionisation potentials (i.e. 
the minimum energy required to remove an electron from the highest energy level).
kinetic energyIonisation limit
binding energy
Fisure 4.9: The Principle o f  XPS
If the photon energy is greater than the binding energy, the electron will leave carrying 
with it the excess energy as kinetic (and velocity) energy As the energy must be 
conserved it can be expressed as;
hv = BE + kinetic energy 
BE = hv - kinetic energy (4.14)
Typical approximate binding energies for first and second row elements o f the periodic 
table are given in Table 4.2:
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Table 4.2: Typical Approximate Binding Energies (eV)
H
14
He
25
Li Be B C N 0 F Ne
50 110 190 280 400 530 690 867
Na Mg Al Si P s Cl Ar
1070 1305 1560 1840 2150 2470 2823 3203
Therefore a BE experimentally found around 530eV, indicates the presence o f oxygen 
and the extent to which the BE differs, the chemical shiff provides some information as 
to the chemical environment o f the element within the sample. The instrument basically 
consists of a vacuum pump, a source o f X-rays (e.g. Cu K d), a collision chamber 
containing the sample, an electron flux analyser, a counter and a recording device. For 
solid samples photons penetrate deeply. However the ejected PEs can escape only a 
short distance beneath the surface, about 3nm. The technique is therefore surface 
sensitive. Some instruments incorporate an ion etching facility using a high energy argon 
ion gun, which bombards the surface o f the sample. The main advantages o f this are 
firstly to remove contamination from the sample surface prior to analysis and secondly to 
probe various depths o f a sample and obtain depth profiles and ion distribution 
information. For organometallic samples however, the latter requires careful
considerations as there is the possibility o f creating non-stoichiometric regions caused by 
the ejection of oxygen ions with bombardment. This could be important with catalysts 
and compounds with reducible metals.
Auger Electrons. By irradiating a material with X-rays, atoms o f most elements emit at 
least two energetic electrons; the PE from the initial ionising event and an Auger electron 
from the decay of the original ion formed The emission o f a PE leaves a positive 
vacancy from an inner orbital, which is subsequently filled by an electron from an outer 
orbital. Another electron (the Auger) is thus emitted, either from the same or another 
outer orbital which, like the PE appears as kinetic energy and can be described as
\m \^  = A E -A  (4.15)
where AE is the energy difference released during the internal transition and A is the 
ionisation work needed to produce the Auger electron Both Auger and ‘direct’
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processes occur in the collision zone of the XPS chamber, thus spectra often reveal 
information on both types of processes However many workers view Auger electron 
spectral peaks mostly as potential interferences.
4.3.3.I. Experimental
XPS was used to determine the BE’s o f 01s electrons associated with P25w2a7 and 
R25w2a7 in comparison with those o f silica and titania, as a means o f describing Si-O-Ti 
homogeneity. Examination o f Ti 2p and Si 2p signals was used to determine respective 
oxidation states. Spectra were recorded using an VG-Escalab and Al Ka radiation with 
binding energies normalised to C ls at 285.OeV and 01s at 533.4eV. Survey scans were 
performed on thermally treated (573K for 16h) bulk oxide samples o f P25w2a7 and 
R25w2a7 in order to verify the presence o f Si, Ti, C and O. High resolution XPS data 
were then obtained on the Ti 2pi/2 (at ~ 465eV), Ti 2ps/2 (at ~ 459eV), 01s (at ~ 53OeV) 
and Si 2ps/2 (at ~ 104eV) lines. Sensitivity factors of 1.2, 0.66 and 0.27 were used for 
Ti, O and Si respectively
4.4 RESONANCE SPECTROSCOPY
4.4.1 Nuclear Magnetic Resonance
The phenomenon of magnetism allows ‘spies’ capable of relaying molecular information 
regarding structure and reactions in particular situations. These spies are atomic 
nucleP^ .^ Following the discovery o f quantisation of atomic magnetic moments, 
demonstrated by Stern and Gerlach (1921) using ion beam experiments, Pauli (1924) 
suggested that certain nuclei possessed angular momentum, which manifested itself as a 
magnetic moment in an electric field. This led to the simultaneous discovery o f resonant 
absorption in bulk matter by Bloch, Hansen and Packard at Stanford University and 
Purcell, Torrey and Pound at Harvard University (1945).
From 1945-1970 most experiments were executed using 'continuous wave methods' with 
the radio frequency field present throughout. It was shown that by passing a beam of
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hydrogen molecules through a homogeneous magnetic field before passing through an 
inhomogeneous one, small magnetic moments were detected. From this the addition of 
an oscillating field allowed the detection of molecules which did not experience an 
energy change. Thus nuclear transition energies could be measured, which meant that 
the phenomenon could be observed either by maintaining a fixed electromagnetic 
frequency (v) whilst sweeping the magnetic field or vice versa, with the desirable effect 
of subsequently bringing nuclei within different chemical environments into resonance. 
Since 1970 pulsed methods hdcwQ almost completely taken over, where the procedure 
involves the sudden application of a small intense shot o f radio frequency radiation to the 
sample, which induces the nuclear moments proceeding around a static state magnetic 
field direction. The oscillating magnetisation is then presented to the computer as a 
function o f time
Magnetic nuclei have an intrinsic angular momentum known as spin, whose magnitude is 
quantised. The spin quantum number ft) o f a nucleus can have a value o f 0, !6, VA, 2..... 
although quantum numbers greater than 4 are rare. The spin quantum number o f an 
atom is largely determined by the number o f unpaired protons and neutrons. For 
example has an even number of protons and neutrons resulting in the arrangement 
that all protons pair up with anti-parallel spins, as do all the neutrons. Therefore the 
isotope has no angular momentum (1=0), hence no NMR spectrum. On the other hand, 
a nucleus with an odd number of protons and neutrons generally has an integral, non­
zero quantum number because the total number o f unpaired nucleons is even and each 
contributes 16 to the quantum number.
When a magnetic nucleus is placed within a magnetic field, it is in a position to adopt one 
of two conformations, each o f different energy relative to the applied field. The simplest 
is hydrogen whose nucleus consists o f a single proton. The two possible conformations 
(see Figure 4.10) include one in which the magnetisation induced by an external field acts 
as to oppose that field, as with diamagnetic materials and the other in which the 
magnetisation augments the external field, as with paramagnetic materials. The 
difference in AE depends on the strength of interaction between the nucleus (magnetic
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moment) and the applied field. AE can be measured by applying electro-magnetic 
radiation o f a known frequency (v). Then provided the resonance conditions are 
satisfied {AE = hv) the net effect is to 'flip' the nuclei from a low energy state to a higher 
energy state - hence the term NMR.
A E
magnetic
field
direction
Fisure 4.10: Energy Levels o f a Hydrogen Nucleus in a Magnetic Field
Diamagnetic and paramagnetic materials gives rise to nuclear shielding and deshielding 
respectively. Both the size and sign o f the shielding are determined by the electronic 
structure o f the molecule in the vicinity of the nucleus. The resonance frequency 
{chemical shift) o f a nucleus is therefore characteristic o f its environment, or local 
electron distribution. Chemical shifts are measured in terms o f difference in resonance 
frequencies between the nucleus of interest and a reference nucleus, by means o f a 
dimensionless parameter 5 This is illustrated for the NMR spectrum for ethanol 
in Figure 4.11.
Spin-Spin Coupling. Although the mechanism of spin-spin coupling will not be 
discussed here, it is sufficient to say however, that it is brought about by a magnetic 
interaction between individual protons, by the bonding electron through which the 
protons are indirectly connected. The phenomenon causes NMR lines to split into a 
number of components {multiplets) with characteristic relative intensities and spacings. 
Figure 4.11 above gives a clear example o f this; because o f its interaction with the 
neighbouring CH2  group which has n = 2 number of protons, the CH3  peak is split into 
«+1 lines, known as a triplet in the ratio 1:2:1, whilst the CH2 resonance becomes a 
quartet with intensities o f 1:3:3:1, because of its interaction with the n = 3 protons o f the 
neighbouring CH3  group. The interaction is attenuated with distance and as a general
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rule in proton NMR, coupling is only considered between nuclei of less than three bonds 
distance. The magnitude of coupling is measured in Hz and is given the symbol J
OH
J *
CH,
6(^H)/ppm
Fisure 4.11: NMR Spectrum fo r  Ethanol
4.4.I.I. ^^SiNMR
Silicon has only one naturally-occurring isotope with non-zero spin, namely ^^ Si, which 
has 7 =  V2 and a natural abundance o f 4.7%. It therefore belongs to the category of ‘rare 
spins’ and implies that all modern techniques can be applied in a similar fashion to their 
use for The magnetogyric ratio o f ^^ Si is approximately Vs that o f the proton 
resulting, for instance, in a resonance frequency of about 20MHz in a field such that 
protons resonate at 1 OOMHz. ^^ Si NMR requires careful consideration since it tends to 
have a relatively long spin-lattice relaxation time and the nuclear Overhauser effect is 
generally negative, giving reduced signal intensity or even negative (and null) signals
4.4.1.2 Experimental
Due to the complexity o f signals resulting from the abundance o f proton resonances 
formed during the rapid hydrolysis of TEOS, H^ NMR was not used in this work. It was 
considered that ^^ Si NMR is more selective and would therefore provide more structural 
information regarding the distribution o f Si containing hydrolysis products, in addition to 
their rate o f formation. Both solution and solid state cross polarisation magic angle 
spinning (CPMAS) ^^ Si nuclear magnetic techniques were used to characterise, in a 
structural sense, samples P25w2a7 and R25w2a7 in the liquid and solid state. For liquid 
state samples, ^Si spectra were recorded on a Bruker AC 300 spectrophotometer at
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59.63 MHz in an unlocked field, inverse-gated sequence with a 90° pulse, about 0.9sec 
acquisition time (proton composite-pulse-decoupled) and a 5 sec recycle time for 
negative nuclear Overhauser enhancement (NOE) supression. A lOppm to -140ppm 
window with a matched exponential filter was used collecting 16K data points which 
were zero-filled to 32K referenced to the literature value of TEOS (-82ppm). 100 FID’s 
were accumulated in each case. Approximately 2.5cm^ of sample was analysed in 10mm 
pure silica NMR tubes. Since ^^ Si typically has a relatively long spin-lattice relaxation 
time and the possibility exists for a NOE, the non-polar paramagnetic relaxation agent 
Cr(acac)3 was used at 5xlO'^M to relax ^^ Si through the unpaired electron spin density o f 
the metal ion. The effect o f this was to significantly shorten the time for data acquisition 
and eliminate NOE A TEOS spectrum was first recorded for location and 
identification purposes. The pre-hydrolysis procedure (Section 2.8.1) was then followed 
at pre-determined times as well as observing the effect o f Ti(OPr‘)4/EtOH addition. The 
refluxed mixture of TE0S/Ti(0Pr‘)4 (and initial hydrolysis) was also recorded.
Solid state NMR was used as a means o f identifying (with deconvolution where 
necessary) structural units attributable to the sol-gel-derived silica network, in addition 
to ‘potentiaV differences which may result fi'om the homogeneous distribution o f  
titanium as Si-O-Ti linkages in the bulk. Spectra were recorded using an internal 
standard of TMS on a Varian Unityplus spectrometer, with a Doty Scientific MAS probe 
with a 7mm o.d. rotor, referencing to an external sample o f TMS. Solid powder samples 
including sol-gel-derived SiOz, P25w2a7 and R25w2a7 were thermally treated at 573K 
for 16h and studied using ^^ Si cross-polarisation magic-angle spinning (CPMAS) 
magnetic resonance under the following conditions; frequency of 59.583MHz, a spectral 
width of 30007.5Hz, an acquisition time of 9.6s, a relaxation delay o f 2.0s, using 1000 
repetitions and a contact time of 5ms for P25w2a7 and R25w2a7 and 20ms for silica, all 
at ambient temperature.
4.4.2 Electron Spin Resonance
When molecules only contain paired electrons they are diamagnetic, but if they contain
one or more unpaired electrons they are expected to exhibit electron spin resonance and
_ _
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are paramagnetic. They can be found naturally or made artificially and can be stable or 
unstable, usually called free radicals and can be studied provided their lifetime exceeds 
Ips or if they are trapped in a solid matrix. However the requirement for an unpaired 
electron means that the technique is not as applicable as NMR.
In the absence of a field, unpaired electrons in a substance have their spins aligned at 
random. Within a magnetic field however, they will each have a preferred direction and 
since the spin quantum number o f an electron is 16, each can be thought of as spinning 
clockwise or anticlockwise about the field direction. Basically ESR is a measure o f the 
energy required to reverse the spin on an unpaired electron. The intensity o f an ESR 
signal is directly proportional to the concentration o f the paramagnetic radical present. 
The width of the signal (as with NMR) depends on the relaxation time o f the spin state 
under investigation. The position of the observed ESR line is o f great importance and is 
referred to as its g-value (or factor).
Electron spin energy levels are separated in an applied magnetic field (Bo) by an amount
^  Hz (4,16)
where P is the Bohr magneton (9.273x10’^  ^ ergG'^) and g is the Lande splitting factor. 
From AE = hv, it can be seen that a resonance absorption will occur at v = AE/A and 
fi'om the above equation, it is possible to see that the position o f the absorption varies 
directly with the applied field. Since ESR spectrometers operate at different fields, it is 
more appropriate to refer to the absorption in terms o f its observed g  value. So equation 
4.16 is rearranged to
AE hv
S  = ------ = ------  (4.17)
PEo pEo
where h is 6.63xl0'^^erg s.
Practically ESR is carried out in the microwave region of the electromagnetic spectrum 
for measuring molecular rotations, with the addition o f a magnet to produce the required 
field. Many instruments use a klystron source at a fixed operating frequency o f 9500 
MHz with an electromagnet at about 0.34T with additional coils allowing the field to be
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swept through and the spectra recorded. Coils are also fitted to supply an oscillating 
field strength o f a few microtesla and frequency some hundreds Hz. There are two main 
reasons for this: (i) it provides a modulator frequency so that the signal:noise ratio may 
be improved and (ii) the arrangement can be used to display the spectrum in the 
derivative mode. This is advantageous because broad absorption lines can be difficult to 
measure, but is shown with greater accuracy as the derivative and as such, it is easier to 
estimate the intensity of the absorption
4.4.2.I. ESR ofT i
When an ion possesses an unfilled inner electron shell Hund’s rule o f maximum spin 
multiplicity ensures that in the free state it will paramagnetic. Thus the ions o f the 
transition series with unfilled 3d, 4d  and 5d  shells exhibit paramagnetism. In this regard 
and due to the increased electron density of the titanium atom and the potential for lower 
valence Ti species to exist {c.f. Si) (see Section 7.2), ESR provides a useful tool in 
determining the presence o f Ti^  ^ species o f d^  configuration. Consideration is given to 
the presence of excited states near the ground state, which causes short spin-lattice 
relaxation times. Under such conditions, the signal may only be detected at liquid He 
temperatures. When distortion is large enough however, the absorption line may be 
detected at RT, but the line is often broad due to relaxation.
4.4.2.2 Experimental
ESR measurements were made on samples P25w2a7 and R25w2a7 before and after 
partial reduction with 6% Hz in Nz up to II73K, using a JEOL JES-RElx spectrometer 
operating at 9.2GHz at room temperature. The g  factor locations were calibrated using 
MgO internal standard, which when measured simultaneously gives rise to six ESR 
spectra which are fine-split Mn^ ,^ superimposed onto the sample spectrum. Additional 
parameters included a field centre = 336mT, a sweep width = 50mT, a receiver gain = 
100, a time constant o f 0.01s. The recorded spectra were compared to control samples 
of the composite materials titania and silica, which were also analysed before and after 
partial reduction under identical conditions.
—
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4.5 SECONDARY ION MASS SPECTROMETRY* (SIMSI
(*  spectrometry refers to electrical detection)
MS was first demonstrated in 1898 by W. Wien by deflecting a beam of positive ions in 
an electric and magnetic field. It was J.J. Thompson however who first observed and 
identified, in 1910, the emission o f positive secondary ions when primary ions 
bombarded a metal surface in a discharge tube. This lead to the first precision instrument 
by J. Dempster in 1918 and was exploited as an analytical instrument around 1958 by 
Herzog and Honig
Detection levels better than Ippm are commonly achieved and the process involves 
directing a high flux of primaiy ions at a material surface. Each ion releases, or 
‘sputters’ atoms from the target. Some specimen atoms are ionised by the sputtering 
processes, yielding ‘secondary ions.’ The surface is eroded rapidly and is therefore a 
destructive method o f analysis The instrument can be used in several modes:
(a) Point analysis in which the primary ion beam is focused to a spot (down 
to 5-20|4m in diameter) and directed at a specific phase. Depending on the 
availability of standards, quantitative analyses o f trace contents are possible.
(b) Isotopic analysis is possible on selected phases, providing isotope ratios 
either in depth profiling mode (see (d)) or in point analysis mode (see (a)).
The former is typically used to measure self diffusion coefficients while the 
latter is used to determine (quantitatively) variations in isotope chemistry.
(c) Image analysis is possible when SIMS is visualised as a chemical 
microscope, allowing direct imaging o f the distribution of an isotope over a 
selected area (<400mm diameter) on the surface of a sample. Lateral 
resolutions o f 1mm are possible. Common uses are in detecting surface 
contaminants, finding holes in films and locating places of interest. The 
images can be digitised and enhanced during processing.
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(d) Depth profiling in which the incident primary ion beam is swept across 
the sample surface, gradually eroding it. Secondary ions are monitored as a 
function of time (which is directly related to the depth o f the sample). In 
optimum conditions, differences in chemistry less than lOnm apart in depth 
can be identified. This mode is frequently used to characterise thin films, 
multi-layers and ion-implanted semiconductors
Experimentally, there are two methods of acquiring information, namely dynamically or 
statically. The former uses high primary ion current densities (>lp.A cm' )^ to gain 
elemental information as a function of sputter erosion depth into the bulk. In this mode, 
virtually all molecular information is lost due to the high current densities used. In the 
latter case, however, low primary ion densities and ion dosages (<lnA cm'^  and IxlO^  ^
ions cm'  ^respectively) are used, therefore molecular structure, bonding information and 
chemical integrity of the sample can be preserved.
The basic equation for yielding secondary ions in SIMS is
= (4.18)
where is the secondary ion current o f an element or species M, r'p is the primary 
particle flux, F  is the sputter rate for M, I t  is the ionisation probability to positive 
secondary ions {R  for negative ions), 0m is the fractional coverage o f M and s is the 
transmission of the analysis system. Clearly sensitivity to M is fimdamentally controlled 
by F, and s. The transmission of the analysis system is determined by the ion 
collection / mass spectrometer used.
The fimdamental SIMS processes can be looked upon as a combination o f two 
processes; emission of the particle or sputtering and ionisation. There is a great deal of 
debate as to whether the processes occur simultaneously or consecutively and the basic 
understanding as to the mechanism by which the impact of a high energy particle with a 
solid surface gives rise to the emission o f low secondary ions is not well known. 
Sputtering processes are classified according to their time-scale. If a primary particle is
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incident at time t = 0, then (a) prompt collisional sputtering occurs at t = 10'^  ^ to lO'^ '^ s 
and involves only surface atoms, (b) slow collisional sputtering occurs due to the 
internal flux of moving target atoms intersecting the surface in the time-scale lO'^ '^  to 10' 
^^ s (this is the process with which static SIMS is mainly concerned) and (c) thermal 
sputtering which occurs at high primary beam densities and is due to the transient 
vaporisation from the surface of the impact region.
The second process (ionisation) has been attempted to be explained by many theories. 
The most widely accepted ones are (a) surface excitation model which is based on 
resonant electron transfer between the surface and the departing atom, (b) bond- 
breaking model in which the key assumption is that the ion state is the ground state, and 
the probability of observing a secondary ion depends simply on whether the ion state 
remains energetically favoured over the neutral state, as the ion moves away from the 
surface, and (c) desorption ionisation model which suggests that ionisation only occurs 
as desorption occurs.
The process is executed at a reduced pressure of approximately 10' -^10'  ^ torr, during 
which gaseous ions (Ar )^ are produced in the source, accelerated and analysed by mass 
according to their m/e value, before finally being detected and analysed usually by a 
quadrupole MS analyser with unit mass resolution. But high specification time-of-flight 
(TOP) analysers provide substantially higher sensitivity and a much greater mass range. 
The TOP analyser is a system in which a packet o f ions in the source is accelerated by a 
high potential into a field-free flight tube. Lighter ions move with higher velocities and 
thus arrive at the detector sooner than the slower moving heavier ions
4.5.1 Experimental
SIMS was used as a means o f profiling Si, Ti, C and where appropriate F, as a function 
of depth throughout the P25w2a7-derived film following a thermal treatment regime of 
573K for 24h. The procedure was repeated under identical conditions following 
modification of the film by FAS adsorption from the vapour phase (see Section 10.5).
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4.6 NEUTRON REFLECTANCE
The following section aims to discuss in a brief and simplified manner, some o f the more 
fundamental principles upon which neutron reflectance is based, the instrument and the 
ISIS facility. In this regard and due to a restriction in length, many o f the mathematical 
expressions and derivations have been omitted.
The traditional means of producing neutrons is by fission in a nuclear reactor, from 
which the source is continuous and is emitted with a broad band o f wavelengths (white 
neutrons c.f. light and X-rays). However, the work carried out for this thesis was 
undertaken at Rutherford-Appleton Laboratories (RAL), Oxford (see Figure 4.12), 
where neutrons are produced by an alternative means; the spallation process produces 
neutrons as a result o f bombarding a heavy metal target with highly energetic particles 
from a powerful accelerator, which produces less heat and has the option o f being pulsed
[39]
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The ISIS target station CRISP
Fisure 4.12: The ISIS Experimental Hall at RAL, Oxford.
The spallation process involves three stages;
(a) an ion source produces H' ions which are accelerated in a pre-injector column 
to 665keV,
(b) in the linear accelerator (Linac), the H' ions pass through four accelerating rf 
cavities to reach an energy of 70MeV and
(c) at injection into the third accelerating stage, the synchrotron, the electrons are 
stripped from the H‘ ions by a very thin (0.25pm) alumina foil, producing a 
circulating beam of protons.
The proton synchrotron of 52m diameter, accelerates 2.5x10^  ^ protons per pulse to 
SOOMeV, prior to being extracted and sent to the target station. This process is repeated 
50 times a second. The spallation source is made from a heavy metal such as tantalum 
or uranium. Each high energy proton produces many neutrons by chipping nuclear
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fragments from the heavy metal nucleus. For use in studying condensed matter, the high 
energy neutrons must be slowed down which is achieved by an array o f small 
hydrogeneous moderators around the target. The neutrons are then directed, so as to 
enter the experiment hall where the beam is divided for use in approximately 20 different 
experiments, one o f which is the CRISP reflectometer (see Figure 4.13).
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Fisure 4.13: Schematic Illustrating the Arrangement o f Experiments at the ISIS 
Facility (CRISP is shown)
CRISP is used to study the reflection o f large scale structures, where a glancing angle 
incident beam is used to probe details o f the structure perpendicular to a surface (of a 
film) via the interference pattern of the scattered beam. The instrument uses a broad 
band neutron time-of-flight (TOF) method for determining the wavelength X (and hence 
q) at fixed angles 0o. A schematic layout of the experiment is shown in Figure 4.14. The 
instrument is highly automated allowing precision when aligning the sample. CRISP 
views the 20K H2 moderator providing an effective X o f 0.05-0.65nm at the source 
fi-equency o f 50Hz. The incident beam is collimated by course and fine slits giving a 
variable beam size o f typically 40mm wide and 10mm in height. A variable aperture disc 
chopper defines the X band
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Fisure 4.14: A Schematic Showing the CRISP Reflectometer and its Components
The Theory of Neutron Scattering parallels that for the scattering of light. The 
fundamental equations describing the theory are the same. Unlike light scattering, 
however, which originates from differences in polarisability o f particles, neutron 
scattering originates from differences in scattering length densities between particles. 
Neutrons are uncharged particles of mass 1.68x10’^  ^ kg with a wavelength o f 0.1-lnm  
and a % spin. Since the wavelength o f neutrons is smaller than light (500nm), 
information relating to particles of much smaller dimensions can be obtained. The 
essence of a neutron reflection experiment is to measure the specular reflection as a 
function of the wave vector q and is related to the neutron refractive index profile normal 
to the surface. This yields information about the composition and density gradients at 
surface and interfaces
The polychromatic neutron beam is incident on the surface at a glancing angle (Go) and 
the reflection from the film is measured at the same angle. Since the neutron refractive 
index (n) is
n = l-A ^ N b /2 7 i (4.19)
where Nb is the scattering length density (the average scattering length per unit volume), 
very small values result, which means that the critical angles for neutrons are often about 
1° or less. Reflectivity (R) is a function o f scattering angle, neutron refractive index (n)
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(see equation 4.19) and hence, of the wavelength and also the scattering length density 
Nb and is defined as the reflected neutron intensity divided by the incident neutron 
intensity;
2
(4.20)R =
n 0 sin 0  Q - nj sin 0  i
no sin0  0 + iiis in 0  i
where the subscripts 0  and 1 relate to the different media on either side o f the reflecting 
surface. Since the experimental variables are Go and X, the reflectivity contains 
information about the variation o f Nb (i.e. the chemical composition normal to the 
reflecting surface) For a thin film between two media (air and substrate),
interference occurs between the waves reflected at each surface as shown in Figure 4.15.
n i
where R + T = 1
Fisure 4.15: The Incident Wave Passes Through a Film O f n\ between Two 
Media o f no and n2
This leads to the observation of interference fl'inges at angles greater than the critical 
angle and hence the value of the film thickness (t) (see Section 10.4). The data is 
presented as R vs q, where q is the wave vector change. It is often referred to as the 
scattering vector or momentum transfer, which is brought about by the interaction o f the 
incident neutron beam on the surface (see Figure 4.16).
These vectors are o f identical magnitude (2n/X) pointing in the direction o f neutron 
travel. In this case, the neutron does not exchange energy so its wavelength remains the 
same. Its direction, however, does change. Thus the magnitude k, o f the initial 
wavevector (ki) is the same as that of kf, the final wavevector, and the change q = kf - k, 
is shown, which in magnitude, is
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q = sin(0 /2) 
X (4.21)
ki - kf = q
q
Fisure 4.16: Wavevectors and the Scattering Vector definedfor a Neutron Beam 
Incident at an Angle (9) with the Interface between Mediums rio 
and rii
4.6.1 Experimental
Using a optically flat substrate o f fused Si02, P25w2a7 was spin coated as described in 
Section 3.6 and thermally treated in air at 573K for 24h, then stored in a dust free 
environment. At the CRISP reflectometer, a laser guide (which follows the same path as 
the neutron beam) was used to align the sample. This was achieved by adjusting the 
perpendicular goniometer so that the sample was perfectly horizontal, which was 
manifested by a continual laser line observed across the coating, which was o f equal 
intensity and maximum intensity. In addition to this, the laser beam was adjusted so that 
the intensity equally illuminated either side o f the detector slit. A compromise between 
both alignments was necessary. The software was then set up so as to allow 
measurements to be made at 0 values o f 0.25, 0.65 and 1.8°.
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4.7 POTENTIAL of SPECTROSCOPY for Si-O-Ti ANALYSIS
FT-IR and Raman has been used by many workers to characterise the microstructural 
evolution o f the sol-gel process and to characterise the transformation o f gels 
towards glass, particularly bulk silica DCCA-modified silica organically-
modified silica (ORMOSILS) and films FT-IR and Raman studies o f silica- 
titania are widespread; Wellbrock et al identified strong silica vibrations, but reported 
the absence o f vibrations associated with Si-O-Ti. On the other hand, vibrations 
associated with Si-O-Ti have been reported for Ti substituted silicalite zeolites at 960cm' 
 ^ at 945cm'^  and 940cm'* for silica-titania aerogels and 940-950cm'* for
aero- and xerogels respectively. Dutoit et al produced mesoporous silica-titania by 
acid-catalysed pre-hydrolysis o f TEOS and chelated-Ti(0Bu)4, with ensuing semi- 
continuous CO2-SCD (see Section 1.6.2). Structural properties were studied as a 
function o f Ti content, drying method and calcination temperature, and showed that Ti 
was well dispersed within the silica matrix by the formation o f Si-O-Ti bonds, which 
were observed between 940-960cm *. Schraml-Marth et al reported that Si-O-Ti 
bridges (which were monitored by intensity) over the range o f 945-960cm'*, were 
particularly pertinent for acid-catalysed TEOS pre-hydrolysis-produced systems and no 
crystallite titania domains were observed. Schraml-Marth et a l further reported that 
incorporation o f tetrahedrally coordinated Ti"*^  into silica, resulted in distortion and 
weakening of the network structure. Liu et al confirmed that FT-IR highlighted (i) 
the shortening of Ti-0 bonds on forming Si-O-Ti bridges, (ii) that adsorbed water 
profoundly affected the local environment of surface Ti atoms and (iii) a band shift from 
935-955cm'* was observed when the Ti:Si content was increased from 1:1 to 1:8. 
Gonzalez-Oliver et al Perry et al *^^  ^ and Beghi et al also reported band shifts 
associated with thermal treatment resulting from continual condensation o f hydroxylated 
species and network strengthening. Montes et a l compared precipitation-deposition 
and base-catalysed sol-gel methods o f Si-O-Ti formation (observed between 900- 
1000cm'*) and concluded that the latter yielded greater Ti dispersion. However their 
identification o f the Si-O-Ti vibration disregarded corresponding -OH groups, which are 
observed within the same wavenumber range. Other investigations have also identified
vibrations relating to Si-O-Ti linkages within silica-titania In a similar context to
_
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IR, Raman was used to determine titania and Si-O-Ti linkage formation. Bahtat et al 
reported that the presence of Si0 4  structural units suppressed the formation of TiOz 
during thermal treatment and, in addition, Ti"*^  remained incorporated within the silica 
network up to 873K. Investigating the evolution o f silica gel towards glass, Bertoluzza 
et al reported peaks at ~ 600 and ~ 490cm'* which were associated with network 
defects of silica and continued to highlight the slight variations that exist between IR and 
Raman vibrations for specific bands. Titania (anatase) formation has been identified by 
characteristic signals at 639, 516, 397 and 197cm'* Both IR and Raman
spectroscopy are particularly attractive to studies o f catalytically active oxides for 
surface acidity determination
UV-Vis has been used for many investigations from optical absorption phenomenon of 
transition metal films to colouration mechanisms of silicate gels containing Fe ^^ and 
the visible transparency of SiOz films However as reported by Lassaletta et al 
silica supported titania phase exhibited a significant blue-shift {c.f. titania) in it’s band 
gap UV-Vis absorption spectra, which was due to quantum size effects observed for 
small titania particles. As a result of this, such work has been used to investigate silica- 
titania systems. Pure titania (anatase) absorbs around 312nm *^*^ and the absence o f it’s 
absorption edge has been used to confirm the absence of occluded titania in titanium 
silicalites. It has been shown that shifts observed in the UV-Vis absorption edge are 
attributed to titania domain size decreasing with Si content Rutile was seen to
absorb at 410nm, anatase at 380nm and with increasing Si content, the absorption edge 
was seen to become progressively blue-shifted Furthermore as Ti/Si increases, Ti 
atoms are more likely to agglomerate via oxygen bridges to form TiOz clusters and in 
this regard Klein et a l used UV-Vis to investigate the homogeneity o f silica-titania 
mixed oxides as a function o f Ti content, akin to the present study.
XRD has been fi-equently used to monitor crystallisation of silicates and silica-titania 
mixed oxides where samples containing up to 75 mol % Ti02 have been studied. 
Many have investigated structural evolutions as a function of thermal treatment showing 
that samples up to 15 mol % remained amorphous up to 973K, with crystallisation
beginning at ~ 1273K Mean crystallite sizes of 5-1 Onm were reported, which
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increased with temperature, indicating a diffusion controlled growth mechanism. Miller 
et a l investigated the effect o f pre-hydrolysis on silica-titania mixed oxides and 
reported that TiOz gel crystallised at 703K, and converted to rutile after 2h at 873K, 
whereas pure SiOz remained amorphous up to 1273K. Miller concluded that as little as 5 
mol % SiOi delayed the anatase to rutile conversion and higher levels o f Si0 2  were even 
more effective in delaying anatase formation. Others agreed with this, and concluded 
that higher levels o f Ti0 2  causes crystallisation to occur at lower temperature 
Broadening o f lines was shown to illustrate poor crystallinity and/or expansion o f the 
Ti0 2  tetragonal unit cell, highlighting its inclusion within the structural framework. 
Another study of silica-titania mixed oxide systems observing similar trends to those 
discussed include Dutoit et al ^^ "*^ who observed a crystallite size of 8nm.
XPS has proved a useful technique for spéciation, oxidation state and atomic 
composition and is capable o f investigating high resolution data for specific atoms 
Ingemar-Odensbrand et al described in detail the homogeneous distribution o f phases 
of co-precipitated Si02-Ti02 (0-100 mol % Ti02). The Ti 2ps/2 BE at 458.8eV 
illustrated that in-tact Ti02 was present in all Ti-containing samples as Ti"*^ . A similar 
comparison o f the Si 2ps/2 signal illustrated the presence of Si02 and with samples 
containing greater than 75 mol % Ti02, the BE was seen to decrease steadily (103.7- 
101.9eV) This observation was supported by the BE for 01s signals and above 25 
mol % Ti0 2 , a second 01s signal was observed, which was characteristic o f 0 1 s  in 
titania. XPS highlighted different species from silica and titania between titania contents 
of 25, 10 and 0.5 mol % Si02, and were characterised by Si 2p3/2 BE’s between 102.9 
and 101.9eV and 01s BE’s o f about 532eV. These were assigned to metal silicates 
Similarly Montes et a l reported 01s BE values o f 529.6eV for Ti02, 532.OeV for 
Si02 and intermediate BE values o f -  530.4eV for Si-O-Ti species, providing an estimate 
of the degree o f homogeneity and distribution of Ti. Work carried out by Ingo et al 
and Orignac reported similar assignments. Domen and Onishi illustrated that by 
using ratios o f Ti 2ps/2 : Si 2p3/2 intensities compared to the bulk composition, it was 
possible to propose a surface enrichment of Ti, especially at low Ti content. 
Furthermore, they concluded that the shift in BE for Ti 2p3/2 to higher values may have 
arisen from a smaller relaxation energy for highly dispersed Ti0 2  as compared with bulk
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TiOz.
solution NMR has been used to investigate sol-gel systems, particularly using multi- 
nuclear probes (i.e. ^^ Si homonuclear decoupling techniques) in order to determine 
structural aspects o f silicates The technique is often employed to study ceramics
uniquely at the molecular level, investigating the effect of various reaction parameters 
on, for example, chemical kinetics and structure whilst the work of Bernards and 
co-workers have contributed much to the understanding o f solvents and their effects on 
alkoxide precursors The dispersion of ^^ Si chemical shifts, often facilitates
assignment which has permitted the use o f the technique in conjunction with other
nuclei for oligomeric characterisation and has since been extended to study what 
are now arguably the most exciting possibilities for new materials derived via sol-gel 
processes - ORMOCILS Méndoza-Sema recently applied ^^ Si NMR to
investigate Si-Ti and Si-Ti-Zr sols and reported the following assignments; -86.5 to - 
88.6ppm for Q*, -91.7 to -98.7ppm for and -100.1 to -101.8ppm for
MAS NMR has been used to investigate structural aspects o f sol-gel-derived 
oxides, since it is sensitive to second neighbour environments (e.g. aerogels porous 
silicon and modified silanes (ORMOSILS) Neumann and Levin-Elad
compared M0x-(C1)-Si02 (where M = Ti) with SiOz-TiOz to probe differences between 
catalytically active and inactive xerogels and reported that the Cl-containing mixed oxide 
exhibited a stronger signal (-97 to -98ppm) even at low TiOz levels (5 mol %), 
resulting from an increased Si-(0-Si)s-(0-M) distribution. Furthermore signals have 
been attributed to result from contributions of both Si-(0-Si)3-(0-H) and Si-(0-Si)3-(0- 
Ti) resonances, since OH and OTi have similar effects on the central Si nucleus. 
Mendoza-Serna et al agreed with this and reported that the existence o f and 
signals accounted for the presence o f Si-O-Ti The presence o f distorted Si 
environments in Si-O-Ti tetrahedra were observed at -116ppm in crystalline titanium 
silicalites by Thangaraj et a l *^*1 In its application to SiOz-TiOz mixed oxides. Smith et al 
observed three distinct signals at -92, -102 and -llOppm which were attributed to 
differently connected Si0 4  units of Q^ , and respectively. Smith et a l further 
reported that non-bridging bonds in the samples were expected to be mostly OH groups.
_
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These were evidenced by the isotropic chemical shifts which tended to be more negative 
for Si-OH than for Si-0' non-bridging bonds. Mendoza-Serna et al also identified, 
assigned and reported the following structural assignments: -80 to -lOOppm for Q^ , -90 
to -llOppm for and -100 to -120ppm for Q'* species respectively. Smith et al 
further reported that up to 11.3 mol % TiOz, Ti substitutes directly into the silica 
framework, beyond which phase separation occurs and the spectra of samples containing 
>40 mol % TiOz, showed an additional signal at -83ppm, which was considered to result 
from Q*-OH species and a significantly higher Q^-OH content.
ESR has been applied to the study o f sol-gel systems (e.g. non-doped and doped o- 
phenanthroline silica) and the consolidation o f sol-gels to glasses, in which Wolf et 
aP^ ^^  reported the concentration o f peroxy bonding was greater compared with high 
temperature melt glasses. Silica glasses doped with E’ centres were investigated by 
Bogmolova et al who reported that changes in the shape o f ESR spectra revealed 
evidence o f local distortions, due to the appearance o f nearby interstitial sites and 
vacancies. The optical properties of porous nano-crystalline TiOz films were studied by 
Cao et a l who reported a g-tensor value for Ti(III) was observed at 1.903 at 77K, 
only after electrochemical reduction. Rajh et al identified electrons trapped as Ti(III) 
centres in the bulk lattice, with a g-value = 1.987 and a g-value = 1.926 for Ti(III) 
surface species *^^ 1^ Silica-titania gels were investigated, as a function o f thermal 
treatment up to 773K and no ESR-active signals were identified for 100% TiOz or 
90TiOz-10SiOz. However a study o f TiOz substituted silicate xerogels also revealed 
that SiOz-TiOz was ESR silent, because all the Ti atoms were present in the +4 oxidation 
state. Upon slight reduction however, a single isotropic absorption was observed at a g- 
value = 1.99, suggesting the presence o f Ti(III) atoms in a tetrahedral or octahedral 
coordination sphere, with a little tetragonal distortion. Furthermore, this evidenced that 
Ti was isomorphously substituted at Si positions within the SiOz framework More 
recently, in their study of homogeneous Si-Ti polymeric oxides, Mendoza-Serna et al 
reported that theoretical expressions o f g-values for a (£ ion in a tetragonally elongated 
octahedral environment, are less than the value of the free electron {ge -  2.0023) as a 
result o f spin-orbit coupling of the ground state *^^ 1^ Based on this, their thermally 
treated gels (1173K) exhibited a signal with a g-value = 1.94 and was attributed to
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Ti(III). An additional signal observed near the free electron value was observed at 77K 
and 29 IK, which suggested the presence o f a point defect trapped within the solid matrix 
and was more intense than the signal observed at g  = 1.94.
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5.0 MICROSCOPIC METHODS
5.1 INTRODUCTION
The discovery o f the optical microscope in the 17* Century aroused new enthusiasm for 
the investigation into many aspects o f both physical and biological matter. Especially 
by the theoretical developments o f Abbé, who first introduced the concept o f resolving 
power (the smallest separation o f two points in the object, which may be distinctly 
reproduced in the image), which led to the development o f the light microscope 
However, whilst the light microscope reached its peak of perfection in almost two 
centuries, man’s pursuit o f extending his vision a thousand-fold beyond the limits o f  
natural vision, represents, thus far, one o f the most significant contributions to the 20* 
Century in the short span o f just two decades - electron microscopy. Relevant methods 
described here are transmission electron microscopy (TEM), scanning electron 
microscopy (SEM) and atomic force microscopy (AFM).
5.2 ELECTRON MICROSCOPY
The fundamental physical concepts upon which electron microscopy is based can be 
traced back to the latter part o f the 19* Century, when it was discovered that the 
resolving power o f microscopes could be improved by either (a) decreasing the 
wavelength o f the illuminating source (from white light, to ultraviolet light) or (b) by 
increasing the numerical aperture. However, two essential developments lead directly to 
the building o f the first electron microscope. The first being an extension o f (a), was by 
de Broglie whose theory in 1924, implied that moving electrons could be considered to 
have the properties o f light-like waves, thus removing the resolving power limitations 
due to wavelength. The second development was demonstrated by Busch in 1926, that 
suitably shaped magnetic or electro-magnetic fields could be used as true lenses to focus 
an electron beam to produce an image. This led to the development o f electron optics 
and the first electron microscope was built by Knoll and Ruska in 1931 *^'^ 1
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Interaction of the Electron Beam with the Specimen
When a beam of electrons is directed towards a solid target, it can either be undeviated 
or scattered then absorbed, reflected or transmitted. The latter only occurs however, if  
the target is sufficiently thin. Figure 5.1 illustrates the processes o f interest that may 
occur.
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Fisure 5.1: A Schematic Representation o f  the Various Interactions o f  an 
Electron Beam with a Solid, Pertinent to Electron Microscopy
Electron scattering may be elastic or inelastic. In the former process the electrons do 
not lose any appreciable energy; only their direction is changed. However a small loss 
of energy occurs due to the change in momentum of scattering. In the latter process, the 
energy may be transferred to internal degrees o f freedom in the atom, or the specimen in 
several ways; the transfer may cause excitation or ionisation o f free electrons (or lattice 
vibrations) and most probably heating or radiation damage to the specimen. Information 
relating to the chemical nature o f the sample may be determined by measuring such 
energy losses. Energy dispersive analysing X-rays (EDAX) evaluate the X-ray 
emissions, providing data on the elements constituting the sample
An electron microscope consists of an evacuated column containing an electron gun, 
electromagnetic lenses, apertures, specimen stage and other detectors such as X-ray
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spectrometers. To eliminate vibration, the column is usually mounted onto dampeners. 
The control panel on modem instmments is situated separately, but not isolated from the 
column and nearly all the controls are operated electronically. Figure 5.2 is a schematic 
illustrating a cross-section o f a typical electron column
5.2.1 Transmission Electron Microscopy
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Fisure 5.2: Typical TEM
5.2.2 Scanning Electron Microscopy
As early as 1935 suggestions by Knoll led von Ardenne to constmct the scanning 
electron microscope in 1938 in which a small high energy electron spot produced
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by a series of electron-optical lenses would be made so as to ‘scan’ across a specimen 
and the lower energy electrons emitted during the scan would be detected, amplified and 
used to modulate a recording device. In von Ardenne’s instrument, a small electron spot 
on the specimen was produced by means o f two electromagnetic lenses. The spot 
scanned in a "raster" by an electromagnetic deflection system. Other workers followed 
producing varieties o f von Ardennes’s SEM; Zworykin, Hillier and Snyder in 1942, 
Lecaute in 1946 and Devoire and co-workers in 1957 and 1960 to name a few. 
However, the first commercial instrument was developed in 1965 by Oatley and co­
workers in Cambridge
Presently, SEM techniques are used to provide information on sample topography, 
elemental composition and surface voltage. The formation o f the image is largely 
dependent on the type o f signal recorded, such as light. X-rays or secondary electrons, 
which is detected during the electron probe raster-like scan of the specimen and used to 
modulate the intensity o f brightness o f the cathode ray display tube. Physically, the 
microscope consists o f three main components; the electron-optic column, an operating 
and display console and a remote unit supplying stabilised power to the column and the 
console, which can be used to analyse areas 6nm in diameter A schematic o f a 
typical SEM can be seen in Figure 5.3.
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Fisure 5.3: Typical SEM
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5.2.3 Experimental
TEM - micrographs were recorded on a JEOL 2000fx microscope operated at 200kV 
and was used in an attempt to measure the size(s) o f P25w2a7 particles. TEM was also 
used to measure (where possible) the hydrolysate particle size(s) resulting from the 
R25w2a7 sol upon hydrolysis. For analysis the sols were diluted with EtOH (Hayman 
99.9%) by a factor o f 10 and dispensed onto carbon coated Cu grids. EDAX was used 
to verify the elemental composition o f the samples.
SEM micrographs were recorded on a Hitachi S3200N microscope. The technique was 
first used as a means o f estimating coating thickness o f films prepared from P25w2a7 
after thermal treatment at 573K for 24h. SEM was also used to investigate the effect o f 
thermal treatment of identical films at 373, 473 and 573K, the effect o f FAS 
modification on topography (see Section 10.5.2) and to study the physical appearance of 
two coatings derived from FAS-modified silica sols (see Section 10.1.2(b)), in order to 
illustrate the importance o f miscibility and molecular homogeneity. Coating A was 
representative o f a homogeneous sol and Coating B was representative o f an 
heterogeneous coating (see Section 10.6.1).
5.3 Atomic Force Microscopy
AFM operates by measuring forces between the sample and the probe that are primarily 
dependent on:
(a) the nature o f the sample - some samples are more likely to have 
contamination layers than others in addition to samples which may build up 
static electric charges. Both may directly affect the interaction between the 
probe and the sample.
(b) the distance between the probe and the sample - as the probe is brought 
closer to the sample attractive Van der Waals forces are first experienced. 
Closer still, electronic repulsion is observed between the atoms o f the surface 
and the probe. These eventually neutralise each other and attractive forces 
eventually dominate (see Figure 5.4).
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Fisure 5.4: Relationship o f Forces Between Probe and Sample
(c) surface contamination - sample surfaces are largely composed o f water and 
other ambient contaminants and potentially causes the probe tip to be pulled 
strongly towards it by capillary forces. The effect of this is also seen when 
retracting the tip from the surface.
(d) probe geometry - is critical to the success o f the image. The smaller the 
tip, the smaller the ‘wetted area’ which results in smaller capillary forces.
AFM uses laser technology to measure the forces between the sample and the 
probe in order to generate the image o f the sample surface. Conventional 
methods do this using Hooke’s Law
'B = -k.x  (5.1)
where k is the spring constant and x is the displacement o f the cantilever, to 
which the probe is attached. Calculations o f the force is achieved by moving 
the cantilever a fixed distance and then measuring the sensor output.
Imaging Modes
The two most common imaging modes ‘Contact’ and ‘Non-contact,’ which depend on 
the net forces between the sample and the surface. The latter is referred to when the
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AFM is operating within the attractive region, when the cantilever is curved toward the 
sample. The former is the reverse (see Figure 5.5):
Non-Contact Modes
Contact Modes
Fisiire 5.5: Imaging Modes for AFM
Figure 5.6 shows a schematic arrangement of the instrument, illustrating the method by 
which laser is used to determine the movement of the cantilever, resulting from 
interaction forces o f the tip and sample surface
Laser
Mirror
Photodetector
Probe
Sample
Fisure 5.6: Schematic Illustrating AFM Instrument and Operation 
Surface Roughness
Reflectivity o f a surface is determined by surface roughness. When a light is reflected 
on a rough surface, phase shifts depending on the surface roughness are observed. A
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direct correlation between the phase shift and the root mean square (RMS) can be found 
according to
C'j. = - ^  Oh cosei  (5.2)
where is the phase shift, ah is the RMS of the surface roughness, X is the wavelength 
of the incident light and 0i is the angle o f incidence. For an ideal reflective surface with 
a phase shift a,!, = 0 a scattering surface o f an is required. For an ideal scattering surface, 
where the information regarding the image projected onto the surface is lost in the 
reflected light, a phase shift o f In  is required. Therefore an RMS of about 0.4 to 0.8pm 
is necessary for the visible region from 400-800nm
5.3.1. Experimental
Atomic force micrographs were recorded in air using a Parke Scientific AFM in the 
non-contact mode for topographical investigations. The influence o f substrate surfaces 
on the topography o f thin films was studied. The topography o f the polished fused silica 
substrate (see Section 10.2.1) was investigated and compared with that o f an untreated 
spin-coated P25w2a7 film (see Section 10.2.2). The effect o f vapour depositing a 
perfluorodecyltrichlorosilane onto P25w2a7 was also studied in terms o f topography and 
RMS roughness (see Section 10.5.2).
5.4 Potential of Microscopy for Si-O-Ti Analysis
TEM is, in the main, used to study sol, gel and oxide morphology, in terms o f particle 
size, distribution, shape and where possible porosity. As such, it was used by Brinker et 
al and Strawbridge et al who studied the microstructure o f gels prepared under 
various conditions o f fast and slow hydrolysis (relative to condensation) and Rw 
respectively. Brinker et al concluded that gels produced via slow hydrolysis yielded 
finer microstructures, with features ~ 5nm in size. Silicate films have also been studied 
by TEM, to investigate film compactness visible transparency and membranes 
However analysing silicates by TEM can sometimes prove troublesome due to the 
lack o f electron density associated with Si, which manifests itself with minimal contrast.
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However, this can be overcome when atoms o f increased electron density are studied 
(e.g. A1 in mullite Fe and Ti This is useful for analysing SiOz-TiO: mixed
oxides, particularly where homogeneity was studied as a function o f thermal 
treatm ent^G onzalez-O liver et al studied the effect o f sol composition (Ti 
precursor and solvent) on silica-titania gels which were analysed following thermal 
treatment up to 1273K and were then mechanically thinned prior to analysis. Supported 
by electron diffraction, their work concluded that well-defined changes in 
microstructure were observed which was attributed to anatase formation (~ lOnm in 
size). Furthermore they observed an increase in crystallite size with increasing 
temperature by a diffusion-controlled mechanism. Particle size determination has been 
obtained by Schelle et al for silica coatings in which, highly dispersed tin was used to 
impart anti-glare properties for thin films. Srinivasan et al used TEM to investigate 
the dispersion o f titania monolayers on silica spheres (~ 130nm) for catalytic 
applications. However consideration must also be given to situations where Ti 
dispersion within bulk media is very high and thus undiscemable by TEM.
SEM has been used to investigate microstructure morphology and the effect o f
solvent exchange o f inter-connecting pores Particle size measurements and
glass structure as a function of Rw have also been investigated with and without the
use o f DCCA’s Carturan et al and Dahmouche et al reported using SEM
to study the physical and chemical evolution occurring in glass formation as a function
of thermal treatment. The former observed the resultant gels change from an open,
irregular particulate-like structure, with large cavities, to a surface with sharp edged
fractures between 543K and 873K. Dahmouche et al observed a microstructure
consisting o f spherical clusters with a mean diameter o f 30nm, with each cluster being
composed o f particles o f 6nm. No change in particle size was observed following
thermal treatment at 1253K, however porosity decreased. SEM is a useful tool for
studying film surfaces, particularly for optical applications; Taga reviewed recent
progress o f thin films and coatings for the automobile industry. Adherence and
topography are key properties of films and coatings and has been studied by Haddow et
al for titania films as a function o f dip rate, sintering temperature and time. Thick
Si0 2 -Ti0 2  films (~ 10pm) were produced by repetitive spin-coating for the fabrication
—
Chapters Microscopic Methods
of buried waveguides, the dimensions of which were studied before, during and after 
planarisation
AFM can be a vital technique for the study o f surfaces (gels and films) at an atomic 
level, providing detailed information on topography grain size and roughness 
Neumann et al used AFM to investigate and better define the microstructure of 
titanium substituted silicate xerogels (for catalytic applications) and reported a flat 
surface with occasional pits or craters o f 600-700nm and 30-40nm deep. Schelle et al 
used AFM to determine the surface roughness o f silica films doped with crystalline tin 
oxide particles as a mean of imparting anti-glare properties and concluded that 
increasing the roughness (by a factor o f 50) yielded a coating material with anti-glare 
properties comparable to fi*osted glass. However, unlike TEM and SEM, AFM is not 
selective and cannot distinguish specific elements.
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6.0 TEXTURE
6.1 ADSORPTION
When a solid (adsorbent) is placed within a closed space and exposed to a gas 
(adsorbate) at a definite pressure, the solid begins to adsorb the gas with a subsequent 
increase in its mass. The pressure o f the gas decreases until it remains at a constant 
value and likewise the mass o f the solid. Here it is possible to apply the gas laws and 
determine the volume o f gas adsorbed. Experimentally, the volume o f gas adsorbed is 
proportional to the mass o f the adsorbent and is dependent on the temperature o f the gas 
according to:
= f  (p, T, gas, solid) (6.1)
and so at fixed T
am =  I (p)t, gas, solid (6.2)
The alternative form (Equation 6.2) is often used if  the temperature is below the critical 
temperature o f the gas
am = ï  (p4>q)t, gas, solid (6.3)
where po is the saturation vapour pressure and p/po is the relative pressure Generally 
adsorbents fall into three categories:
(i) no ions or positive groups (graphitised carbon),
(ii) concentrated positive charges (OH groups on solid surfaces) and
(iii) concentrated negative charges (= 0  or =C0).
Adsorbates can also be categorised into four as follows:
(i) spherically symmetrical shells or a  bonds (saturated hydrocarbons),
(ii) 71 bonds (unsaturated or aromatics) or lone electron pairs (tertiary amines),
(iii) positive charges concentrated on peripheries of molecules and
(iv) functional groups with both electron density and positive charges 
concentrated as above (-0H  or =NH groups).
The phenomenon o f adsorption is brought about by forces between solid and gas 
molecules. There are two types: physical in which several layers o f adsorbate atoms or
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molecules are held by weak, reversible Van der Waals forces and is referred to as 
phvsisorption and chemical, in which a single layer o f adsorbate molecules are held by 
covalent forces and is referred to as chemisorption In any event, adsorption forces 
always include ‘dispersion forces’ which are attractive, together with short range 
‘repulsive forces.’ In addition there will be ‘electrostatic forces’ if  either the solid or gas 
is polar in nature.
Modem theories o f physisorption were proposed by Langmuir; which is based on the 
main assumption that the adsorbed layer is limited to monolayer coverage 0 (fractional 
surface coverage which is dependent on the overlying vapour pressure at a given 
temperature). The dynamic equilibrium is
A s )  ^(surface) AM(surface) (^*^)
with rate constants X:a for adsorption and for desorption. The rate o f change o f surface 
coverage due to adsorption is proportional to the partial pressure p o f A and the number 
of vacant sites V(l-0), where N  is the total number o f sites:
(l-é») (6.5)
The rate o f change o f 0 due to desorption is proportional to the number of adsorbed 
species, NO :
= (6.6)
At equilibrium the net rate of adsorption is zero, and solving for 0 gives the Langmuir 
(see Figure 6.1):
0= k p
1 +kp
(6.7)
where p = pressure and
ka
k = j -  (6.8)
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Fisure 6.1: The Langmuir Adsorption Isotherm
where adsorption initially increases linearly and at sufficiently high p/po, it reaches a 
constant value which represents saturation o f the adsorbent surface with a monolayer. 
The Langmuir model is capable o f describing adsorption in a qualitative way. However 
its limitations in the context o f capillary condensation and multilayer adsorption were 
recognised in the development o f the BET theory (Section 6.2). In 1940, Brunauer, 
Deming, Deming and Teller classified adsorption isotherm types at temperatures below 
the critical adsorbate temperature (see Figure 6.2) Type I (see Figure 6.1) is the 
reversible (Langmuir) type isotherm, which is characteristic o f microporous adsorbents 
(<2nm) having relatively small external surfaces and where adsorption does not proceed 
beyond monolayer formation. The reversible Type II isotherm is due to non-porous or 
macroporous adsorbents and the reversible type IH isotherm is associated to systems in 
which the heat of adsorption is smaller than the heat o f condensation o f the adsorbate. 
Type IV with the hysteresis loop is associated with capillary condensation within pores 
and is characteristic o f mesopore adsorbents (2-50nm). Type V is uncommon and 
relates to type IH isotherms, in that the adsorbate-adsorbent interactions are weak. The 
type VI isotherm represents stepwise multilayer adsorption on a uniform, non-porous 
surface
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Relative pressure
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Fisure 6.2: Types o f (a) Physical Adsorption Isotherm and (b) Hysteresis 
Note; B = point o f monolayer completion and start o f multi-layer adsorption
6.2 BET THEORY
By extending the Langmuir theory and accounting for multi-layer adsorption, Brunauer, 
Emmett and Teller (1938) developed what is most widely referred as the BET theory. 
Adsorbent surfaces consist o f ‘energy potential sites’ which can differ considerably and 
adsorption will preferentially occur on the sites with the highest energy potential. In real 
terms therefore, multi-layer formation will occur before complete single layer coverage 
has been achieved on sites with lower energy potential
The most convenient form of the BET equation for experimental data o f multi-layer 
adsorption can be seen below:
p / P o  1
H m C
+  •  iP/Po)
f l m C
(6.9)
where ni = total amount o f gas adsorbed, nm -  the monolayer capacity and c = constant 
related exponentially to the enthalpy o f adsorption in the first adsorbed layer and whilst 
it is not quantitative, it provides an indication o f the magnitude o f adsorbate-adsorbent
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interaction energy. From Equation 6.9, it can be seen that a plot o f ip/po) / rit{l-^/po) 
against p/po should be linear, with a slope s o f {c - 1) /  HmC and an intercept / o f 1 / UmC. 
Solving the two simultaneous equations gives nm and C as follows:
n„ = - T -  (6.10)
5 +  1
and
c = - J -  + 1 (6.11)
The BET theory is limited in that it assumes an energetically homogeneous surface and 
no lateral adsorbate-adsorbate interactions. BET plots are linear for p/po values between
0.05 and 0.03. Various modifications o f the model have thus been attempted to 
overcome these limitations, but will not be discussed here. The equation can be used 
however in the determination o f surface area o f adsorbents as well as pore sizes
The BET equation can be used to determine the total surface area of a solid ( S bet)  from 
the monolayer capacity flm (in Equation 6.10) but requires average molecular cross 
sectional area {af) occupied by the adsorbate in the monolayer to be known since
c _  _ ,  _ (6.12)ÛBET -  flm • L ■ dm
S bet
(6.13)
where S bet and Sbet are the total BET surface area and specific BET surface area 
respectively, o f the adsorbent o f mass nia and L is the Avogadro constant (6.022 x 10^  ^
moT^). Nitrogen is mainly considered to be the most appropriate adsorbate and has 
indeed been used for the studies in this thesis. It is assumed that the BET monolayer is 
close packed, giving an (N2) = 0.162nm^ at 77K
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6.3 MICROPOROSITY
The mechanisms o f physisorption are known to include monolayer-multilayer coverage, 
capillary condensation (shown by hysteresis loop) and micropore filling. The latter 
itself has two mechanisms, which may operate at low relative pressure before the onset 
o f capillary condensation;
(a) at low p/po, entry of individual adsorbate molecules into very narrow pores
(b) at somewhat higher p/po, a cooperative process, involving an interaction 
between adsorbate molecules.
It has further been established that BET data leading to the formation o f a type I 
isotherm with type H4 hysteresis is indicative o f microporosity, with narrow, slit-like 
pores. The widely accepted interpretation of the Type I isotherm is now that the initial 
(steep) part o f the curve represents micropore filling (rather than surface coverage 
suggested by the Langmuir theory) and the low slope o f the plateau is due to multilayer 
adsorption on the small surface area. This means therefore, that S bet is a mis­
representation of the true total and that at present there is no theory that exists which 
provides a mathematical description o f micropore filling.
In the final recommendations o f a report it suggests:
Tf a type I isotherm exhibits a nearly constant adsorption at high relative 
pressure, the micropore volume can be determined by the amount 
adsorbed (converted to a liquid volume) in the plateau region, since any 
mesopore volume and the external surface are relatively small. In the 
case where the type I isotherm has a finite slope at high p/po, both 
external area and micropore volume can be determined, provided that 
the standard isotherm t-plot is available (see below). But there remains 
no computation o f micropore size distribution from a single isotherm.’
The standard t-plot method (Harkins and Jura ^^ )^ provides a means o f comparing the 
shape o f a given isotherm, with the data obtained from a known standard non-porous 
solid and consists o f a plot o f amount adsorbed against the thickness of the multi-layer. 
Any deviation between the sample and the standard will manifest itself by a departure 
fi’om linearity. The method however provides external surface area, micropore surface
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area and micropore volume data from the Harkins and Jura expression (details of which 
will not be given here). Alternatively, if  the pore sizes extend down to molecular 
dimensions, adsorptive probe molecules o f selected size could be used for obtaining 
pore size distribution data.
Finally, Sing et al state that the C value should always be positive, with high values 
confirming microporosity and that the magnitude of C, together with the BET surface 
area (with an indication of the range o f linearity) and an assessment o f microporosity 
using the t-plot should be reported where possible.
6.3.1. Experimental
Surface area and texture data as a function o f thermal treatment and [TiO]] o f P5 - 
25w2a7 and silica, were obtained using a Micromeretics ASAP 2010 with N2 adsorbate 
(BOC) at 77K. A weighed sample was inserted into an outgassed burette (<25mPa) for 
16h. The outgassing temperatures used (473, 673, 873 and 1073K) were identical to 
those used for the thermal treatment o f the individual samples and will be discussed in 
Chapter 8 (TGA-DTA). -^plot analysis was employed to determine (where necessary) 
the micropore volume(V;^p), micropore area (A ^) and external surface area (S sxt), where 
the surface correction factor (an arbitrary unit which can be used to compare different 
methods o f analysis, particularly for zeolite characterisation) and density conversion 
factors (conversion factor for the volume gaseous N2 at STP to a true liquid volume) 
used by the instrumentation for N2 were 1.00 and 1.547x10'^ respectively.
6.4 Effect of TiO? on SiO? Texture
Texture analyses of oxides have been reported for Si02 as a function o f Rw and Ra 
mode o f preparation and catalysis and thermal treatment In the latter case, the 
S bet  of Si02 was seen to decrease with thermal treatment at ~ 923K. This continued 
linearly up to 1273K, indicating that textural changes occurred as a result o f  
densification. Silica studied as a result o f ageing and solvent exchange was reported by
Takahashi et al who observed significant pore structure deviations resulting from
_
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microscopic phase separation and swelling of the silica network. Organo-alkoxysilanes 
have also been investigated by De Witte et who concluded that the distribution of 
CHs groups (from M-TEOS) determines, to a large extent, the properties o f SiOa gels. 
In addition to this, Hasegawa et al reported that thermally treated silica-hybrids first 
exhibited little surface area (~ 31m^ g’ )^, which increased up to 623K and further 
decreased up to 1273K. Montes et al used N2 adsorption to compare Si02-Ti02 
prepared by precipitation-deposition and sol-gel and concluded that the former exhibited 
an isotherm resembling that o f the parent Si0 2 , whereas the sol-gel-derived sample 
exhibited meso-microporosity. Comparing the effect o f Ti content on Si02-Ti02 mixed 
oxides, Imamura et al concluded that S bet initially decreased with increasing Ti 
content up to 30 mol %. This was then followed by a increase in S bet between 30 and 
50 mol %, before decreasing further up to 100 mol %, however the reason for this 
remained unknown. Pirson et al illustrated type I isotherms for Si02-Ti02 samples 
containing 20, 50 and 75 mol % Ti02 at 383K. The -^plot analysis exhibited micropores 
(<2nm) with additional slit-shaped mesopores, however the BET measurements 
revealed S bet of 20m^g"\ which disappeared rapidly with thermal treatment up to 623K. 
Neumann and Levin-Elad however, showed that a S bet o f 750m^g'  ^ was possible 
with microporous Si0 2 -Ti0 2  highlighting their potential for catalytic exploitation.
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7.0 THERMAL METHODS
7.1 THERMAL ANALYSIS
Thermal analysis is probably one o f the most widely applied analytical techniques and 
includes differential thermal analysis (DTA) and thermogravimetric analysis (TGA). 
Both can be obtained simultaneously and continuously using the appropriate 
instrumentation during a pre-determined, programmed heating regime.
Another thermal technique equally capable o f providing information about the nature 
and characteristics o f bulk oxides, particularly in terms o f their catalytic properties 
under working conditions, is temperature programmed reduction (TPR). It is highly 
sensitive and does not depend on any specific property of the oxide other than the 
species under study be in a reducible condition. It can be applied to determine the 
activity o f catalysts in a reducing atmosphere, determining and/or confirming oxidation 
states o f metals in the bulk or at the surface (spéciation).
7.1.1 Differential Thermal Analysis
Conventional DTA involves monitoring the temperature o f the outer surfaces o f two 
blocks of identical shape; one o f the sample material and the other o f a reference 
material with known thermal properties. The temperature is raised at a constant rate 
and the temperature difference between their centres is then monitored. At steady state, 
the difference will be constant, but whenever the sample absorbs heat (i.e. passes 
through an endothermal transition), the extra amount o f heat absorbed retards the rate o f  
temperature increase o f the sample. When the required amount o f heat has been 
absorbed, the temperature o f the sample gradually catches up and the difference is 
manifested by an irregularity on the thermogram
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From such irregularities, DTA allows changes in the state o f the material to be 
sensitively detected, providing information about stability and/or notable temperatures 
at which specific changes or reactions with the material takes place. The temperatures 
at which changes are observed and their intensities are often characteristic o f the 
material being studied. The transformations are first-order thermodynamic changes, but 
the technique can only be applied to samples in which endothermie or exothermic 
changes are sufficient to be detected.
Also (as with TGA (Section 7.1.2)), there are additional physical parameters, which will 
directly affect the shape and size o f the irregularity observed and therefore require 
consideration prior to analysis. These include
* increase o f size o f specimen,
* decreased heat conductivity and
* increase o f heating rate.
7.1.2 Thermal Gravimetric Analysis
TGA records gains and losses in weight o f materials which are being heated or cooled, 
against an inert reference. It permits the determination o f the temperature at which 
processes (like oxidation, reduction, dehydration, decomposition, volatilisation, 
adsorption or desorption, combustion and drying) take place Whilst the extent of 
reaction is unaffected by the process o f TGA, instrumental parameters like thermal ramp 
rate does affect the temperature and rate at which the above process(es) start and finish. 
For quantitative analysis, there are a few physical parameters, which can directly affect 
the shape o f thermograms and therefore require careful consideration prior to analysis. 
These include
* the nature o f the sample holder,
* the weight of the substance being heated,
* the thermal ramp rate (important for kinetic studies),
* the nature o f the surrounding atmosphere (N2, O2, H2) and its velocity and
* the nature o f the inert reference material.
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7.1.3 Experimental
In order to determine and identify (where possible) the various evolution, oxidative 
processes and structural rearrangements that occur within bulk oxides, TGA-DTA 
thermograms o f P25w2a7 and R25w2a7 were recorded both in an oxidative (O2) and 
inert (N2) atmosphere at a flow o f lOcm  ^ min'% up to 1173K at 283K min'  ^ and then 
compared with those obtained for silica and titania, which were recorded under identical 
conditions.
7.2 TEMPERATURE PROGRAMMED REDUCTION
The reaction between a metal oxide and hydrogen to form the lower oxide or the metal, 
can be given the general equation(s):
MO2 (s) + H2 (g) -> MO (s) + H2O (g) and/or 
MO (s) + %  (g) M (:) + H2O (g)
The standard free energy change for such reductions (AG°) is negative for many oxide 
materials making the reductions viable (see Figure 7.1). However since
P(H20)G — G° + RT log
p (H2)
where p is the partial pressure, it may still be possible for the reduction to proceed even 
when AG° is positive. The experimentation involved with TPR is such that water 
vapour is constantly removed from the reaction upon formation, so that if  p(H2 0 ) is 
lowered sufficiently at elevated temperature, it is possible that RT log {p(H20)/p(H2)} 
could be negative enough to invalidate a positive AG° The process by which bulk 
oxides are reduced in an atmosphere o f hydrogen and the degree o f reduction is brought 
about by one o f two (or sometimes both) mechanisms namely (a) the nucléation model 
or (b) the contracting sphere model.
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In the former, the reaction starts after some time (t%) when the hydrogen comes into 
direct contact with the oxide sphere. Oxygen atoms are gradually removed fi*om the 
oxide lattice by the reduction process and when the concentration o f vacancies reaches a 
critical value, rearrangement of the lattice occurs and the vacancies are completely 
eradicated, with the eventual formation o f metal nuclei. Oxygen ions are removed by 
inward diffusion o f hydrogen, or by an outward diffusion process o f oxygen ions, from 
the metal-metal oxide interface. Gradually the metal nuclei grow at the surface o f the 
oxide grains, to an extent where they begin to overlap and the consumption o f oxide 
grains continue, until completely reduced to the metal. Ultimately, the shrinking that 
takes place as the metal layer grows is equivalent to the contracting-sphere model 
which, in some cases, may begin from the start o f reduction. In the contracting sphere 
model, this is especially the case for many scenarios where the nucléation is rapid, 
which may result in a total coverage of the oxide grain, with a thin layer o f the product 
in the initial stages o f the reaction. The mechanism finishes by essentially contracting 
the sphere. Its rate can be controlled either by chemical or transport phenomena
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Porous solids (e.g. zeolites) containing reduced metal centres, whether homogeneously 
dispersed on an atomic scale, or as small clusters within the pore matrix, are o f great 
scientific value to the petrochemical industry, particularly as catalysts for hydrocracking 
or reforming agents. The activity o f such systems depends largely on the dispersion, 
location and the method o f reduction o f the metal. The reduction o f a metal ion within a 
porous body is usually achieved using hydrogen. The stoichiometry o f the reaction may 
be described as:
M"'" + "/2H2-^M° + nH  ^ (7.3)
The protons are also known to react with porous lattices to produce hydroxyl groups, 
whose presence can be verified with infrared spectroscopy. The reduction of transition 
metal ions in zeolites was reviewed by Uytterhoeven who incidentally observed a 
reproducible correlation with the standard electrode potential o f the ion.
In a practical sense, the reducing gas is normally hydrogen, although other reducing 
gases can be used. In the present study, hydrogen was used in low concentration (6% in 
N2). The reduction process is measured by the uptake o f hydrogen using the difference 
in thermal conductivity o f the gas before and after reduction, using a thermal 
conductivity detector (TCD). The change in hydrogen concentration with time is 
displayed on the recorder and since the flow is constant, the change in [H2] is 
proportional to the rate o f reduction. The reduction processes show up as peaks in the 
TPR plot and the sensitivity is high.
The positive AG° values for Si02 and Ti02 shown in Figure 7.1, suggests that both 
oxides are unlikely to reduce fully (particularly under the conditions described (see 
Section 7.2.1) and that Si02 should reduce preferentially (more negative AG° value). In 
reality however, although titanium has a strong affinity for oxygen and Ti0 2  is the only 
abundant oxide, many suboxides exist (see Section 2.3.1) and mixtures prepared from 
Si0 2  and Ti0 2  might contain sufficient titanium in lower valency states at elevated 
temperature, particularly within a reducing atmosphere The ease with which Ti can 
be reduced is shown in Figure 2.3 where the standard reduction potential for Ti"^ -^^  Ti^  ^
(+0.1V) is relatively small and positive compared to that o f Ti^  ^ Ti^  ^ (-0.37 V) and
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Ti (-1.63 V). However, SiO] is not regarded as reducible (whatever p(H20)) and 
since Si only exists in the +IV and ground (Si) state, it is not likely to reduce to the 
metal under the conditions used in the present study.
In addition to this, the onset o f phase separation o f Si-O-Ti linkages (resulting in anatase 
cystallite formation), could initiate the anatase-rutile transformation at elevated 
temperature (~ 973K); a process that involves the collapse o f the relatively open anatase 
structure accompanied by a volume change o f approximately 8%. The collapse takes 
place by distortion o f the oxygen framework and a shifting o f the majority of Ti"^  ^ ions, 
by rupturing two of the six T i-0 bonds to form new bonds
7.2.1. Experimental
Temperature programmed reduction was performed using a Micromeretics TPR/TPD 
2900 instrument, using 6% H2 in N2, 40cm^ min'  ^ flowing through 0.5g samples of  
Si02, Ti02 (anatase), P25w2a7 and R25w2a7, during a heating regime o f 274K min'  ^ up 
to 1173K. The temperature(s) at which hydrogen was consumed (Tmax) and the % 
hydrogen consumption was determined from the results. The instrument was calibrated 
using the reduction of CuO (Aldrich; 99.999%) (Tmax = 659K) o f various weights, 
which were reduced under identical conditions to those discussed.
7.3 POTENTIAL of THERMAL METHODS for Si-O-Ti CHARACTERISATION
Many workers have used TGA and DTA particularly for the study o f the gel to glass 
transformation in various sol-gel systems However the techniques have also been 
used to determine reaction and phase changes within sol-gel systems the quantity of 
acid sites and strength distribution the distribution o f organic groups and various 
crystallisation processes
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8.0 CHARACTERISATION of SOLS and IMMATURE GELS
8.1 Sol Miscibilitv
Figure 8.1 shows the TPD derived from S1O2 sol formulations with varying component 
concentrations as discussed in section 2.8.3:
TEOS
20/.
\ 3 0
Solid PPt
■A % Sol Component% Sol Component
5 0 / PPt
6 0 /
80/
GEL
% Sol Component
Fisure 8.1: TPD Illustrating Miscibility o f TEOS-Derived SiO2 Sol-gels
Three distinct regions were identified comprising o f sols which produced homogeneous 
clear gels, or a precipitate. Figure 8.2 illustrates the effect of solubilising FAS in TEOS 
leading to the incorporation o f the fiuorosilane, prior to adding the remaining 
components o f the sols, which were otherwise prepared in an identical manner to the 
sols in Figure 8.1.
It was shown that clear differences between the TPD’s resulted from the pre-mixing of 
TEOS and FAS. Primarily, the region illustrating the formulations in which 
homogeneous, clear gels were produced was significantly smaller and re-defined. Both 
TPD’s highlighted areas in which sol formulations failed to yield homogeneous gels 
(above the area labelled ‘unmodified TPD gel region’).
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Fisure 8.2: Modified TPD Illustrating Miscibility o f FAS-TEOS-Derived SiO2 
Sol-gels
It was believed that the presence o f S1-CI3 groups o f the FAS meant a greater rate o f  
hydrolysis than for TEOS. Thus hydrolysis and subsequent polycondensation reactions 
of the FAS proceeded more rapidly, with the effect o f speeding up crosslinking to 
partially hydrolysed TEOS species. In order to illustrate the importance o f sol 
miscibility and indeed homogeneity prior to coating, a sol representing ‘clear gels ’ from 
region (A) and ‘immiscible gels ’ from region (B) were coated (coating A and coating B 
respectively) (see Section 2.8.3). The physical appearance o f the coatings were then 
studied using SEM (see Chapter 10).
8.2 Gelation Time (tp)
Figure 8.3 shows the gelation time as a function o f mol % Ti(0 Pr’)4 content, for the pre- 
hydrolysis-derived Ti0 2 -containing SiOz sols (see Section 2.8.1). It was shown that the 
process o f gelation was quicker with greater concentrations of the reactive Ti precursor, 
although the relationship was not linear. In Figure 8.4 the effect o f water concentration 
(Rw) on the gelation time is illustrated.
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Fisure 8,3: Effect ofTi(OPr% on tg o f  SiO2 Sols
Fisure 8.4: Effect ofRw on tg o f Si02-Ti02 Sols
A similar trend for each o f the sols was evident, with the greatest decrease in tg between 
Rw values o f 1 and 2, illustrating the effect o f water stoichiometry on the complete 
hydrolysis o f the alkoxides. None of the samples exhibited linearity o f tg on Rw and it 
was shown that P5w2a7 illustrated relatively longer tg values, independent o f Rw- 
However, P10w2a7 exhibited slightly less and intermediate tg values and P25w2a7 and 
P35w2a7 (whose plots were almost identical) exhibited the smallest values o f tg.
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8.2.1 Elemental Analysis
Following thermal treatment o f the resulting P25w2a7 and R25w2a7 gels at 573K for 
16h, elemental analysis verified, in absolute terms, the percentage composition o f  
atomic Si and Ti. The results are shown in Table 8.1.
Table 8.1: % Elemental Analysis o f P25w2a 7 and R25w2a 7
SAMPLE Atom %
Si 1 Ti
P25w2a7 46.24 1 12.67
R25w2a7 45.59 1 12.45
It was shown that the sample Ti:Si compositions were:
P25w2a7 = 0.274 
R25w2a7 = 0.273 
« 0.25 corresponding to the desired 25 mol % Ti.
8.3 TGA-DTA
The experimental conditions used for this investigation are described in Section 
7.1.3. The following figures show thermograms obtained firom the individual 
component oxide materials (Si0 2  and TiO]), followed by the composite Si0 2 -Ti0 2  
samples, P25w2a7 and R25w2a7. Figure 8.5(a) and (b) shows the DTA and TGA traces 
obtained for Si0 2  in air and N2 atmospheres respectively.
Both thermograms exhibited endotherms at approximately 400K which corresponded to 
the largest decrease in weight, where physisorbed water and volatile organic compounds 
were evolved Additionally thermogram (a), exhibited a broad exothermic signal at 
about 640K, its absence from (b) indicated that it was likely to be associated with the 
oxidation o f carbonaceous products. This can sometimes be followed by a secondary 
exotherm due to the oxidation of the carbonised species In air the observed weight 
loss was ~ 93%. In N2 the DTA trace appeared stable after 500K and the TGA 
exhibited an overall weight loss of approximately 90%.
_
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Fisure 8.5: TGA-DTA o f  SiO2 in Flowing (a) Air, (b) N2
Figure 8.6(a)-(b) shows the thermogram traces obtained from TiOz in air and N2 
respectively.
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Fisure 8.6: TGA-DTA ofTi02 in Flowing (a) Air, (b) N2
T1O2 in air (a) exhibited a gradual weight loss (approximately 15%) and was 
accompanied by a small endotherm at about 600K which was believed to be associated 
with the combustion o f carbonaceous species. A sharp endotherm at TOOK was also 
observed and accompanied by a small weight loss and may be related to the evolution o f
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trapped solvent and residual organics from within the micropores. A weight loss of  
approximately 16% was observed.
In N2 a small endotherm at 55OK was accompanied by the small weight loss associated 
with the evolution o f physisorbed water and in accordance with Carturan et al the 
sharp exotherm observed at 850K may be due to the release o f solvent molecules. The 
observed weight loss was about 20%.
Figure 8.7 shows the thermograms obtained from P25w2a7 in (a) air and (b) N2.
In both thermograms, the characteristic endotherm associated with the loss of 
physisorbed water, volatile organic species and ethylic radicals was observed around 
400K In air (a), the DTA trace was seen to stabilise for about 15OK starting at 45OK, 
leading to a small exotherm at about 650K, due to the carbonisation o f -OR groups.
In N2 a very small and shallow endotherm was seen at about 65 OK and as discussed 
previously, it may be related to the evolution o f solvent molecules or -OH groups as 
water, given the inert atmosphere. Both the DTA and TGA traces were seen to stabilise 
over the remaining temperature range and in both atmospheres, the weight loss observed 
was 80%.
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Fisure 8.7 (a): TGA-DTA ofP25w2a7 in Flowing Air
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Fisure 8.7 (b): TGA-DTA ofP25w2a7 in FlowingN2
In Figure 8.8 the corresponding thermograms for R25w2a7 can be seen. Despite the 
atmosphere, the large endotherm corresponding to the evolution o f physisorbed water 
and VOC’s was observed. In air (a), a small exotherm centred around 65OK was 
observed in the same way for P25w2a7. Similarly a small endotherm around 65OK was 
observed in N2. In air the observed weight loss was about 33% and that in N2 was about 
65%. In terms of sample weight losses, Si02 exhibited the greatest decrease, 
irrespective o f the atmosphere and Xi02 exhibited the least. P25w2a7 exhibited 
approximately 80% in both atmospheres and R25w2a7 exhibited 33% in air and 65% in 
N2. However, whilst every effort was made to analyse the samples following the same 
ageing and drying conditions, consideration must be given to the state o f the samples at 
the time o f analysis. In summary, there appeared to be little difference between 
R25w2a7 and P25w2a7 in relation to their respective thermograms. Both appeared to 
exhibit exo- and endotherms in air and N2 respectively, around 650K.
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8.4 IR
The conditions under which the following results were recorded are discussed in Section 
4.2.1.2. The following spectra are shown illustrating only the vibrations o f interest 
between 800 and 1200cm'\
Figure 8.9 shows the results obtained from the study in which the P25wXa7 (X = 1-5), 
in the form o f a thin film between NaCl plates, was investigated for the effect o f Rw on 
the kinetics o f network forming metal-oxide linkages. The individual spectra were 
recorded after ageing for three days at room temperature. In agreement with the theory 
of sol-gel (Chapter 1) it was shown that the kinetics o f the sol-gel process were directly 
affected by the [H2O] as a sol reactant. Higher Rw values exhibited greater intensity and 
resolution o f Vas(Si-O-Si) vibrations centred around 1050cm '\ which were seen to 
decrease towards an Rw = 1.
900 1000
Wavenumber (cm'b
800 1100
Fisure 8.9: Effect ofRwon Kinetics o f  M -0(H)-M ’ Bond Formation in 
P25wXa7 Sols after 3 Days Ageing (X =  1-5)
8 .5  ’^S iN M R ofSols
Solution NMR was used to investigate and identify where possible, structural 
siloxane units formed during the pre-hydrolysis stage o f the P25w2a7 preparation. The
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sol was further analysed following the addition o f the Ti(OPr')4/EtOH mixture. In 
addition the TE0S/Ti(0Pr’)4 refluxate (leading to R25w2a7) was also analysed. In each 
case, the investigation was carried out as a function of time
The structural siloxane species are discussed using standard Q notation:
notation was developed by Englehardt et al where % refers to the 
extent o f condensation 0-4 (i.e. the number o f adjacent siloxane tetrahedra 
sharing Si-0). TEOS monomer would therefore be referred to as Q^ .
Figure 8.10 shows the ^^ Si NMR spectra obtained from the pre-hydrolysis stage o f the 
P25w2a7 sol preparation. The spectra were recorded at 6, 12, 30, 90 and 120 min, 
where the integrated areas o f the signals a  concentration. The spectrum obtained for
TEOS is also shown. The difference in broadness o f the signal for TEOS compared
with that observed from 6-120 min may result from the process o f superimposing the 
individual spectra for illustrative purposes.
Q -OH Q
120
y v .
TEOS
PPM-85■80
Fisure 8.10: NMR Spectra o f TEOS Pre-hydrolysis Recorded at 6, 12, 30,
90 and 120 min
The conditions under which P25w2a7 was prepared, is understood to favour rapid 
hydrolysis (relative to condensation) yet condensation is expected to proceed 
simultaneously and most probably prior to hydrolysis being fully complete. It was
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anticipated therefore, that few hydrolysis products (which are observed at higher 
frequencies (‘upfield’) than that o f TEOS) would be observed. The Si signal 
representing TEOS was observed at 5 -82ppm, whose relative intensity was seen to 
decrease over the duration investigated. At the expense o f the TEOS signal, four 
additional signals were observed, o f which two were seen to decrease (6 -78.5ppm and - 
85.6ppm) and two were seen to increase (5 -88ppm and -95.4ppm). In the case of the 
former signals; that observed at ô -78.5 was considered to be the only monomeric 
hydrolysis product attributed to Si(0Et)3 0 H (Q^-OH). The signal observed at -85.6ppm 
was considered to result from the formation o f species. The signals which increased 
(-88ppm and -95.4ppm) were located within the region o f (trimeric) to (chains 
and rings) resonances and resonances respectively. Apart from resonances
resulting from the multi-nuclear glass probe (and other instrumental glass peripherals) 
no definitive or species were observed over the duration investigated.
After 6 min o f reaction (see Section 2.8.1) the controlled addition o f the Ti(OPr’)4/EtOH 
mixture was made and the solution was re-analysed, the results o f which are shown in 
Figure 8.11.
At 15 min a significant decrease in the amount o f signals was immediately apparent. 
This was also illustrated by Pozamsky et al by the addition o f Al(OR)s to pre­
hydrolysed TEOS. Three signals were observed at -81, -88 and -95.8ppm. TEOS 
however was not observed at -82ppm. The solution was re-analysed after allowing to 
age for 7 days at ambient temperature, where changes were observed indicating reaction. 
Five signals were recorded; singlets at -81 ppm (Q^-OH) and -82ppm (Q )^ and multiplets 
(whose expansions are shown) centred around -88.5, -89.5 and -95.8ppm annotated (A), 
(B) and (C) respectively. Multiplets A and B were located within the o f (or possibly 
Q )^ resonance region and multiplet C was located within the (possibly Q )^ resonance 
region. No definitive or species were identified over the duration investigated.
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Q-OH
7 days
15 min
•90 PPM80
Fisure 8.11: NMR Spectra o f  Pre-hydrolysed TEOS with Ti(OPd)4/EtOH
Added after 15 min and at 7 days
In the final study the TEOS/Ti(OPr% refluxate (leading to the formation o f R25w2a7 
(see Section 2.8.2)) was analysed under the same conditions. Consideration was given 
to the reflux procedure and the possibility o f alcohol exchange between alkyl groups of 
the reactant alkoxides (Section 1.2). The results are shown in Figure 8.12. Prior to its 
hydrolysis, a quintet was observed ranging fi*om -83 to -85.5ppm (TEOS is shown at - 
82ppm). These signals were assigned to trans-esteriflcation products o f the type 
Si(0Et)4.x(0Pf)x where x = 1, 2 and 3 (see Table 8.2). The extent to which this occurs 
is believed to depend on the relative ratio o f components. Similar results were reported 
by Dire et al The solution was hydrolysed, allowed to age at ambient temperature 
and re-analysed after 30 min and again after ageing for 7 days.
Table 8.2: ^^ Si NMR Assignment o f  Alcohol Exchange Products
Species 0 /p p m
Si(0Et)4 -82
Si(0Et)3(0Pr') -83.0 to -83.3
Si(OEt)2(OPr')2 83.9
Si(0Et)(0Pr')3 84.9
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After 30 min little change in the spectrum was observed. This was anticipated however, 
due to the much reduced sensitivity o f oxoalkoxide species (resulting from 
transestérification) to water and hydrolysis The same signals to those assigned in 
Table 8.2 were observed. The emergence o f an identical signal to that observed in 
Figure 8.10 ( -8 Ippm) was also recorded.
7 days
30 min
Reflux Product
TEOS
PPM-90
Fisure 8.12: NMR Spectra o f TEOS, TEOS/Ti(OPr% Refluxate and Reflux
Hydrolysate at 30 min and at 7 days
8.6 TEM
TEM was used in an attempt to determine the particle size(s) o f the P25w2a7 sol. This 
proved difficult however due to the nature of the acid catalysed sol-gel system for two 
reasons:
(a) Basic formulations generally yield discreet and monodispersed particles, 
which grow in size by dissolution and re-deposition processes. Acidic sol- 
gel formulations however, yield polymer-like species, which grow amongst 
other processes by entanglement. The latter results in ‘particle-like’ features 
with considerably smaller dimensions, often lower than the resolution o f  
conventional TEM instruments, making particle size measurements almost 
impossible in many cases.
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(b) Prior to dropping the sample onto the TEM Cu grid, sols must be 
extremely dilute so as to avoid particles coalescing as a result o f solvent 
evaporation. Very often with acid catalysed systems, the effect o f the 
solvent evaporating is to cause the polymeric species to form a thin film 
over the grid, blurring the electron image, making particle size 
measurements extremely difficult.
Figure 8.13(a-b) shows a TEM of the P25w2a7 sol after ageing for 7 days at x400K and 
x600K magnification respectively.
(a)
20nm
(b)
1£ - '
#
5nm
Fisure 8.13(a-b): TEM o f P25w2a 7 Aged for 7 days at x400 and x600K 
Mag ’ Respectively
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Using TEM instruments contrast and resolution can be lost at very high magnification 
and this was the case in the attempt to determine particle size(s) of P25w2a7. Even at 
maximum sensitivity, it proved very difficult to clearly identify any ‘particles’ and the 
only contrast observed was uniformly distributed dark regions believed to be associated 
with increased electron density, possibly corresponding to Ti. Similar micrographs were 
reported by Gonzalez-Oliver et al In reality therefore, using the size bars on the 
micrographs meant that the measurements were not absolute and it was only possible to 
estimate the particle size range as being between 4-6nm. No TEM were recorded for 
SiOz or TiO] sols.
TEM was also used to determine the nature and size of the R25w2a7 hydrolysate 
particles resulting from hydrolysis. In Figure 8.14 the particles shown at x200K 
magnification were of the order o f 30nm. On closer examination, it was possible to see 
the particles in the process o f necking (Ostwald Ripening) - smaller particles 
aggregating to form larger particles, leading to the formation of closed ring-like 
structures and the evolution o f a porous network.
»
Fisure 8.14: TEM o f R25w2a 7 Hydrolysate at x200K Mag
Using X-rays (EDAX) the elemental composition o f the samples was verified. Identical 
spectra were obtained for both Si02-Ti02 and these are illustrated in Figure 8.15. 
Quantitative elemental compositions are shown in Section 8.2.1.
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15-
10-
Cu
(keV)
Fisure 8.15: Elemental Composition ofP25w2a7 and R25w2a7 Sols by X-ray 
(EDAX) Analysis. Cu came from the TEM Grid.
8.7 DISCUSSION
The importance o f component concentrations was demonstrated using ternary phase 
diagrams Regions o f the sol formulations which yielded homogeneous gels and
precipitates (as a result o f varying the relative rates o f hydrolysis (kn) and condensation 
(kc through changes in Rw and Ra) was illustrated. This was shown to directly affect the 
morphology o f the resultant products, which according to their physical appearance, 
were classified into three distinct types o f behaviour. The addition o f modifying agents 
(e.g. FAS) was shown to dramatically alter the TPD producing a smaller, re-defined 
region, in which FAS-modified SiOz gels were prepared. The method by which the 
modifying agent was added (pre-mixing TEOS-FAS) was also shown to be important, 
by altering the subsequent kinetics o f hydrolysis and condensation, by the presence o f  
the Si-Cl] group o f FAS. Given that the polar Si-Cl group is less sterically hindered
8-17
Chapter 8 Characterisation o f Sols and Immature Gels
a n d  th e  -I e f f e c t  o f  C I3, th e  a u th or  b e l ie v e s  that S i-C l b o n d s  h y d r o ly se  fa s te r  th an  S i-O E t  
an d  th a t in c o r p o r a tio n  o f  F A S  in to  T E O S  s o lu t io n s  (o r  so lu b il is a t io n  o f  F A S )  o c c u r s  v ia  
o n e  o r  a  c o m b in a t io n  o f  th e  f o l lo w in g  p ro ce d u re s:
(i) Reaction with partially hydrolysed alkoxide 
(EtO )^- S i - O  - E t +  H 2 O  ------------- ►  (E tO )3 -S i -  O H  +  E tO H
  ^ C 1
FAS - Si ^ - ( a  ^ O  - Si - (EtO)  ^ ----------► FAS - Si —  O - Si - O - (EtO)^
CÎ ^ C 1
+  H C l
(ii) Reaction with residual alcohol (from reactants)
r
(0 E t)3  -  Si - 6  -  E t  ( 0 E t ) 3 -  Si -  O - E t  (0 E t )3  -  Si"" +  E t -  OH
H
g + ^ C l  ^  _C1
F A S -S i;— Cl -f H O -E t FAS - Si OH + EtCl
^ C 1  ^ C 1
(iii) Reaction with residual water (from atmosphere and /  or reactants)
/ C l
F A S -S i;— Cl + H jO  --------- ► F A S -S i;— OH + HCl
\ c i  \ c i
Fisure 8.16: Proposed Reaction Schemes fo r the Solubilisation o f  FAS in TEOS
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The gelation time (tg) o f SiO: was shown to dramatically decrease as the Ti(OPr% 
concentration increased (i.e the greater the [Ti(OPr%] the smaller the tg, although the 
relationship was not linear). This was thought to be due to the greater reactivity of 
titanium alkoxide over TEOS whose effect was to increase the rate at which cross- 
linking occurred. Smaller tg values were also recorded for Si02-Ti02 sols (5-35 mol % 
TiO:) with increasing Rw (H20:(TE0S + Ti(0Pr’)4)) despite the concentration of 
Ti(0PP)4 and was believed to result from the greater availability o f water molecules for 
hydrolysis. The expected elemental composition o f Si and Ti was verified by elemental 
analysis as being 25 mol % Ti and 75 mol % Si for both P25w2a7 and R25w2a7.
Thermal analysis has been used to study gel-glass conversion phase changes 
and crystallisation processes TGA-DTA analyses exhibited weight losses and
evolution o f gaseous products during thermal treatment, which were manifested by the 
presence o f exo- and endotherms and were investigated for SiO:, TiO:, P25w2a7 and 
R25w2a7. In general, three specific groups o f processes were identified
(a) endotherms exhibited for SiO: samples and SiO:-TiO: samples around 293- 
523K may have been associated with the evolution o f physisorbed water and 
volatile organics from the gel (surface and bulk). The feature was accompanied 
by a large decrease in weight. It was believed that an absence o f this 
endotherm in the TiO: samples would signify incomplete hydrolysis o f the 
alkoxides (due to the lack o f water formation). In this context SiO:-TiO: 
samples were more like SiO: than TiO:.
(b) exotherms exhibited around 523-650K in air were associated with the 
oxidation o f incompletely hydrolysed -OR groups and might have involved 
trapped solvent molecules. The feature was generally associated with gel 
shrinkage as a result o f thermally-induced condensation.
(c) Exotherms centred around 650-1073K with no observed weight loss, 
usually signify re-arrangement (e.g. ciystallisation) although little evidence 
for this was observed in the present study.
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It is not at this point in time clear that the FAS remains molecularly intact (after Si-Cl 
hydrolysis and Si-O-Si linking to the framework forming from TEOS). This could have 
been ascertained if  mass spectrometry / residual gas analysis had been available.
Microstructural evolution studies were carried out using FT-IR, where it was shown that 
the extent to which metal-oxygen bonds were formed was greater for sols in which Rw 
was higher, since more water was available for complete hydrolysis. With low Rw 
values, both resolution and intensity was poor after ageing the sols for three days.
Structural assignments o f molecular silicate formation resulting from hydrolysis were 
made using ^^ Si solution NMR The rate and extent o f hydrolysis o f P25w2a7 and 
R25w2a7 was illustrated by the absence o f many monomeric hydrolysis products of 
TEOS, other than that o f Si(0 Et)3 0 H at ô -78.5ppm. The emergence o f this signal was 
evidence for a minimum Rw value o f 2 being required for the full hydrolysis o f TEOS, 
since the pre-hydrolysis step was tailored to hydrolyse only one quarter o f the ethoxy 
ligands per TEOS molecule (using an Rw 0.5) during the initial stages o f hydrolysis. 
^^ Si NMR illustrated the rapidity o f the TEOS pre-hydrolysis under conditions o f low 
acidic water. This was consistent with the theory (see Section 1.8.2(a)) and supported 
by the study o f tg as a function o f Rw.
Using % Intensities derived from ^ ^Si NMR data (see Figure 8.10) it was possible to 
compare (in a non-quantitative manner) the rate at which TEOS was consumed during 
the pre-hydrolysis stage o f P25w2a7 synthesis, with data recovered from a kinetic study 
of TEOS polymerisation (JSl) reported by Sanchez et al Table 8.3 compares the 
mole ratios of P25w2a7 and JSl. From Table 8.3 it can be seen that JSl is more 
concentrated, has a lower concentration o f catalyst and a Rw value four times greater 
than P25w2a7. Such conditions would suggest a rapid initial rate o f hydrolysis but since 
JSl has a greater availability o f H2O, the extent o f hydrolysis would be greater than for 
P25w2a7. This was shown to be the case in Figure 8.17.
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Table 8.3: Comparison o f Composition o f JSl and P25w2a7
TEOS Ra Rw HCl
JSl 1.0 3.77 2.0 1.1x10'^
P25w2a7 1.0 5.0 0.5 1.1x10'^
100
90
80
60
50
30
20
4020 60
T im e (m in)
80 100 120
Fisure 8.17: Comparison o f % Q  (TEOS) Consumption P25w2a7 and JSl
The emergence of four additional resonance signals 6 min after initiating the reaction at 
the expense o f the TEOS signal, confirmed hydrolysis had taken place. At this point, 
the greatest number o f hydrolysed structural units were present in the reaction mixture, 
with which the Ti(0Pr')4 reacted (by condensation) leading to the optimum formation o f  
Si-O-Ti linkages. The absence o f a (TEOS) signal 15 min after the Ti(OPr’)4/EtOH 
addition demonstrated that TEOS consumption was complete at this stage o f the 
process. In the absence o f Ti(OPr’)4/EtOH mixture, condensation was seen to continue 
up to 120 min and was confirmed by the presence o f Q /^Q  ^ resonance signals at ô - 
95.4ppm as reported by Smith et al and Mendoza-Sema et al Smith et al further 
reported that up to 11.3 mol % TiO], Ti substitutes directly into the SiO] framework 
since an intermediate value o f O.lSnm has been reported for tetrahedral Ti in Ti 
silicalite, where Ti-0 bonds in anatase are 0.195nm and S i-0  bonds in SiO] are 0.16nm 
and that >40 mol % gives rise to an additional signal at about -83ppm resulting from 
Q^-OH species. It was believed that this signal was that observed at -8Ippm in Figure
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8.10. NMR would have provided more selective information if  it had been 
available in the present study, in addition to highlighting the intimacy of Si-^^O-Ti 
interaction. It would also be desirable to investigate the use o f liquid chromatography as 
a means o f separating hydrolysis products as a function o f polymer / particle weight; 
these could then have been analysed using an attached mass spectrometer (HPLC-MS). 
This would help to confirm many o f the present observations recorded.
TEM and DLS methods o f determining average particle sizes and size distributions of 
the sols were attempted, but were unreliable, because o f the polymer-like morphology of 
the sol (acid-catalysed, with low Rw) which leads to non-discreet, entangled particle-like 
features. SiO] rich samples exhibited minimal TEM contrast due to the lack o f electron 
density However this is overcome in the presence o f Ti (confirmed by EDAX). 
Spherical particles of about ~ 30nm in size were observed for R25w2a7; these were of a 
similar size to those reported by Dahmouche et al In their investigation o f hydrated 
TiO] formation, Jalava et al reported the appearance o f ‘dark spots’ which were 
attributed to TiO] particles. In the present study higher resolution TEM (HRTEM) of 
individual particles would have provided a more accurate observation o f the structures 
formed under the preparative conditions used. Small angle X-ray or neutron scattering 
(SAXS and SANS) would also have offered additional methods o f determining accurate 
particle sizes but were unavailable during the course o f the research.
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Chapter 9 Characterisation o f Mature 3-D Gels
9.1 CHARACTERISATION of MATURE 3-D GELS
The conditions under which the following isotherms were recorded are discussed in 
Section 6.3.1. The following figures show adsorption isotherms as a function o f thermal 
treatment. Figures 9.1(a-c) correspond to those o f Si02 following thermal treatment at 
343, 473 and 673K for 24h respectively.
(a)
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220
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A dsorp tion
D esorp tion^ 200 
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140
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
P/Po
(b)
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200 A dsorp tion
D esorp tion
(/) 180
8  160
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140
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P/Po
Fisure 9.1(a and b): N2 Adsorption Isotherms o f Si02 at 77K after Thermal 
Treatment at 343 and 473K
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(c)
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Fisure 9.1(c): N 2 Adsorption Isotherm o f  SiOz at 77K after Thermal 
Treatment at 673K
Figures 9.1(a-c) exhibited classical type I isotherms, with H4 hysteresis and was 
indicative o f microporosity, with narrow, slit-like pores. Microporosity was anticipated 
as a function o f sample preparation. Following thermal treatment at 873K, no 
adsorption was observed and was attributed to pore closure as a result o f thermal- 
induced densification, therefore preventing access o f adsorptive molecules.
Figures 9.2(a-d) shows the adsorption isotherms recorded for the P5w2a7 thermally 
treated for 24h at 343, 473, 673 and 873K respectively. With 5 mol % TiO], similar 
behaviour to that o f SiO] was observed; microporosity prevailed with H4 hysteresis. In 
this study however, adsorption data were measurable after thermal treatment at 873K, 
because o f the increased accessibility o f the adsorptive molecules. This suggested 
therefore, that pore shape (or size) was altered by the presence o f TiOz.
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Fisure 9,2(a and b): N2 Adsorption Isotherms at 77K for P5w2a7 after Thermal 
Treatment at 343 and 473K
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Fisure 9.2(c and d): Nz Adsorption Isotherms at 77Kfor P5w2a7 after Thermal 
Treatment at 673 and 873K
Figures 9.3, 9.4 and 9.5(a-d) shows the adsorption isotherms recorded for P15w2a7, 
P25w2a7 and P35w2a7 which had also undergone identical thermal treatments.
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For each sample type I isotherms illustrated that microporosity prevailed over the 
temperature range observed (343-873K), but was accompanied by H2 hysteresis, 
typically associated with porous inorganic glasses.
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Fisure 9.3 (a and b): N2 Adsorption Isotherms at 77Kfor P15w2a7 after
Thermal Treatment at 343 and 473K
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Fisure 9.3(c and d): N2 Adsorption Isotherms at 77Kfor PI5w2a7 after 
Thermal Treatment at 673 and 873K
The isotherm plots for P25w2a7 at 343, 473 and 673K are shown below in Figure 9.4(a- 
d) respectively.
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Fisure 9.4 (a and b): N2 Adsorption Isotherms at 77Kfor P25w2a7 after
Thermal Treatment at 343 and 473K
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Fisure 9,4 (c and d): Nz Adsorption Isotherms at 77Kfor P25w2a7 after
Thermal Treatment at 673 and 873K
Figure 9.5(a-d) illustrates the isotherms obtained for the P35w2a7 at 343, 473, 673 and 
873K respectively.
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Treatment at 343 and 473K
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Fisure 9.5 (c and d): N 2 Adsorption Isotherms at 77K for P35w2a7 after 
Thermal Treatment at 673 and 873K
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Table 9.1: Combined BET and t-plot Data for Si02 and Si02-Ti02
Samples after Thermal Pre-Treatment at 343, 473, 673 and 873K
SAMPLE 
mol % 
TiOz
S b et
(m'g-')
C YpP 
VALUE (cm^g- )^
App
(m^g^)
Sfixt
( m Y )
(0) (795) (134)
3 4 3 K
(0.18) (408) (313)
(5) (977) (193) (0.02) (82) (896)
(15) (903) (99) (M l) (252) (651)
(25) (736) (133) (0.03) (93) (643)
(35) (726) (101) (0.05) (122) (603)
(0) (654) (133)
4 7 3 K
(0.19) (413) (253)
(5) (944) CU6) (0.13) (306) (646)
(15) (695) (71(% 0)01) (219) (476)
(25) (577) (188) (M 5) (317) (268)
(35) (542) (267) 0 ) 1 9 ) (259) (286)
0 475 152
6 7 3 K
0.15 328 154
5 804 541 0.12 355 453
15 734 168 0.08 191 543
25 621 140 0.11 246 363
35 620 701 0.08 189 431
0
8 7 3 K
5 492 221 0.11 275 221
15 385 1131 0.07 156 228
25 303 716 0.06 130 174
35 142 436 0.02 45 97
no data were recorded
W h e r e  S bet is  th e  to ta l su r fa c e  area, th e  C  v a lu e  is  a  c o n s ta n t  (a n  in d ic a t io n  o f  
a d so rb a te -a d so r b e n t in te r a c tio n ) , is  th e  m ic r o p o r e  v o lu m e , App i s  th e  m ic r o p o r e  area  
an d  S ext is  th e  e x te rn a l su r fa c e  area.
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Table 9.1, was used to investigate and illustrate trends observed with the experimental 
data and these are illustrated by the following; Figure 9.6 illustrates the change 
observed in the total BET surface area ( S bet)  for 810% and Ti02-containing samples as a 
function of thermal pre-treatment.
1000
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5  500
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100
700300 400 500 600
Temperature (K)
600 900
Fisure 9.6: Changes in SsET^ith Temperature up to 873K o f Si02, P5, 15, 25 
and 35w2a7
Over the temperature range investigated, observed changes in S bet  as a function o f TiO] 
content were variable. The greatest S bet  for each sample was observed at low 
temperature (343K) and the lowest S bet  in each case was observed at the higher 
temperature o f 873K. However there are difficulties because below 700K not all fluids 
may be outgassed from the samples (see a-phase region in Figure 9.6). Above 700K 
outgassing all samples lost surface area. A maximum S bet was therefore not 
surprisingly observed at intermediate T. The effect o f adding TiO] to the SiOi-TiOz 
S bet  after 673K outgassing was initially to increase, which was followed by a 
subsequent decrease.
The effect o f % TiO] added on the external surface area ( S ext) , the micropore volume 
(Vpp) and micropore area (A^p) after outgassing at 673K and 873K (temperatures high 
enough to remove fluids but not to sinter samples) is illustrated in Figure 9.7(a-c) 
respectively.
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Fisure 9.7: Changes in (a) S b e t ,  (b) V^ p and (c) App with % TiOz added to SiOz 
after Outgassing at 673K  and 873K
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Figure 9.7 illustrates texture changes which occurred in SiO] and P5-35w2a7 at 
outgassing temperatures sufficiently high to cause the gaseous evolution of residual 
organics. On each figure the difference (A) o f each parameter is shown.
Figure 9.7 (a) showed that after outgassing at 673K the addition o f TiO] to SiO] 
exhibited a significant increase in S bet with a maximum ( ~  SOOm^ g’^ ) observed at levels 
of 5 mol % TiO]. Greater than 5 mol % TiO], S bet was seen to decrease before tending 
towards a constant value o f ~ 650m^g‘  ^ at levels > 25 mol % TiO]. After outgassing at 
873K the overall S bet of each sample was seen to decrease, highlighting the onset of  
thermally-induced condensation and pore closure. No adsorption was observed for SiO] 
and similar to the observations made after outgassing at 673K, 5 mol % TiO] appeared 
to manifest the highest S bet- Above 5 mol % TiO], S bet appeared to decrease steadily 
to about ISOm^ g"^  for 35 mol % TiO].
From Figure 9.7(b), SiO] exhibited the highest V^ p (0.15cm^g’^ ) after outgassing at 
673K and was seen to decrease steadily to ~ O.OScm g^’  ^ with TiO] levels up to 15 mol 
%. A sharp increase to ~ O.llcm^g'^ was then observed at 25 mol % TiO], before 
decreasing to about 0.09cm^g"  ^ at a TiO] level o f 35 mol %. Similar observations were 
made at the higher outgassing temperature o f 873K, albeit with smaller Vpp values 
because o f the thermal pre-treatment as shown in Figure 9.7(a). It was also apparent 
that the lower the TiO] levels, the smaller the AVpp and fi*om 15 mol % TiO], AVpp was 
seen to get larger.
Figure 9.7(c) showed that App appeared to be quite irregular and inconsistent at the 
outgassing temperature o f 673K, with a maximum (~ 350m^g'^) observed at 5 mol % 
TiO], a minimum (~ 200m^g'^) at 15 mol % TiO] which was followed by a second, 
smaller maximum (250m^g'^) at 25 mol % TiO] before decreasing again at 35 mol % 
TiO] to 200m^g"\ After outgassing at 873K values of App were smaller for reasons 
already mentioned; a steady decrease from ~ 270m^g'  ^ with 5 mol % TiO] to ~  50m^g'  ^
with 35 mol % TiO] was observed.
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9.2 TPR
TPR was used as a means o f determining the ease o f reduction of Si02-Ti02 samples 
compared with that o f Si02 and Ti02. As discussed in Chapter 7, Si02 is not considered 
to be reducible (under the conditions o f experimentation (see Section 7.2.1)) and no 
signal corresponding to H2 consumption was observed (see Figure 9.8). Conversely, 
Ti0 2  did reduced under identical conditions and exhibited a signal illustrating H2 
consumption, with a Tmax «  500K (see Figure 9.9).
u
I
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K )
Fisure 9.8: TPR Plot o f SiO2
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)
Fisure 9.9: TPRPlotofTi02
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consumption indicated the occurrence o f a reduction process leading to the formation 
of a stable (non-stoichiometric) suboxide o f Ti with a valency less than IV. No signals 
were observed at higher temperatures. Figure 9.10 (a) and (b) show the TPR plots 
obtained from P25w2a7 and R25w2a7 respectively.
(a)
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)
(b)
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)
Fisure 9.10: TPR Plots o f (a) P25w2a7 and (b) R25w2a7
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The differences observed in TPR between the control sample o f TiO], P25w2a7 and 
R25w2a7 are illustrated clearly in Figure 9.11. Since SiO] did not exhibit reduction, it 
has been omitted from this figure for simplicity.
TiOj
R 25w2a7
P 25w2a7
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)
Figure 9,11: TPR. Plots o f TiO2, P25\v2a7 and R25\v2a7
Table 9.2 summarises the temperatures at which maximum rates o f reduction (Tmax) 
were seen.
Table 9.2: Tmax Values Observed fo r  SiO2, 770], P25w2a7 and R25w2a7
Sample Tmax (IQ mol H] / mol TiO]
SiO] - -
TiO] -5 0 0 0.073
P25w2a7 -6 3 0 0.035
R25w2a7 -6 3 0 0.034
Figure 9.11 highlighted the different reduction properties for TiO] compared with that of  
P25w2a7 and R25w2a7. The small baseline irregularity observed for the latter at ~500K 
may be related to the signal observed for TiO] (~ 480K), but the relative amount o f H] 
consumed was relatively negligible. However a broader signal with greater intensity 
(greater H] consumption) was observed at ~  63OK (approximately 50% intensity to that 
of the TiO] signal at ~ 500K). The absence of this signal from Figure 9.9 suggested that 
the H] consumption was characteristic o f the SiO]-containing mixed oxide samples
9-17
Chapter 9 Characterisation o f Mature 3-D Gels
only. From 800 to ~ 1150K small fluctuations in the baseline were observed, but were 
consistent for each sample and therefore considered insignificant. From Table 9.2 Tmax 
values indicate that Ti0 4  and Si0 4  tetrahedra are intimately mixed at a molecular level 
in P25w2a7 and R25w2a7. Further evidence for this can be sought in H] consumptions.
Table 9.2 shows that in terms o f hydrogen consumption TiO] is reduced more than 
P25w2a7 or R25w2a7. Using data in Table 9.2 it was possible to determine the extent 
of reduction and the possible stoichiometry o f the Ti oxide that resulted from reduction 
(see Table 9.3)
Table 9.3: Stoichiometric Reaction Equations o f Partially Reduced TiO2, 
P25w2a7 and R25w2a7
Sample Reaction Equation Oxide
TiO] TiO] + 0.073 H] <-> TiOi.93 + 0.073 H ]0 O 1.93
P25w2a7 TiO] + 0.0349 H] ^  TiOi.96 + 0.0349 H ]0 Ti^-^ Or%
R25w2a7 TiO] + 0.034 H] ^  TiOi.96 + 0.034 H ]0 Ti^'^ 01.96
It was shown therefore, that given
T1O2 = Ti"*^
T 12O 3 =
TiO = t P
the sub-stoichiometric Ti oxides that resulted from the partial reduction, would exhibit 
paramagnetism by ESR analysis, with Ti^^  ^exhibiting the strongest signal (see Section 
9.5).
9.3 XPS
Sections 4.3.3 and 4.3.3.1 discussed XPS fundamentals and experimentation. XPS was 
used to determine the BE’s o f 01s, leading to information regarding bulk homogeneity. 
Oxidation states o f Si and Ti was also determined from the high resolution line spectra 
o f Si 2p3/] and Ti 2pi/] and Ti 2p3/] electrons. Figure 9.12(a) and (b) shows the charge 
corrected 01s spectra obtained for TiO] and SiO] respectively
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Fisure 9.12: XPS 01s Spectra o f (a) TiOz and (b) SiOz
A single peak with a BE of 529.7eV and 533.3eV was observed for Xi02 and SiO] 
respectively. These were compared with the charge corrected 01s signals observed for 
P25w2a7 and R25w2a7 (see Figure 9.13 (a) and (b) respectively).
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Fisure 9.13: XPS 01s Spectrum o f (a) P25w2a7 and (b) R25w2a7
Single peaks were observed for both P25w2a7 and R25w2a7 with a BE of  
approximately 532.6eV. The diversity o f the observed chemical shifts (eV) exhibited by 
the 01s signals o f 710%, SiOz and the titanium-silicate samples, reflected the different 
chemical environments o f oxygen atoms within the samples and is illustrated clearly in 
Figure 9.14.
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Fisure 9.14: XPS 01s Spectra for SiO2, TiO2, P25w2a7 and R25w2a7
Figure 9.14 illustrates that the BE’s o f TiOi and SiOz represented outer limiting values 
of the individual component oxides. In between which the BE’s o f P25w2a7 and 
R25w2a7 were located, reflecting the influence o f both component oxides. The results 
are summarised in Table 9.4.
Table 9.4: BE ’s o f 01s in TiO2, SiO2, P25w2a7 andR25w2a7
Sample 0 1  s Binding Energy / eV
TiOz 529.7 - -
SiOz - - 533.3
P25w2a7 - 532.7 -
R25w2a7 - 532.6 -
High resolution line spectra were recorded for Ti 2p and Si 2p, from which the 
composition o f P25w2a7 and R25w2a7 and the respective oxidation states o f Ti and Si 
were confirmed.
Figure 9.15 (a-c) shows the Ti 2pi/2 and Ti 2p3/z line spectra o f TiOz, P25w2a7 and 
R25w2a7 respectively.
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Fisure 9.15: Ti 2p Line Spectra o f (a) HO2 and (b) P25w2a7
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Ti 2pi^
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Fisure 9.15 (c): Ti 2p Line Spectrum o f  R25w2a7
For each sample two signals were observed, corresponding to 2pi/2 and 2ps/2 electrons, 
with BE’s centred around 465eV and 459eV respectively Similarly, high resolution 
line spectra were recorded for Si 2p3/2 electrons in Si02, P25w2a7 and R25w2a7 (see 
Figure 9.16 (a-c) respectively).
45 h
35 h
151
5F
BE (eV)
Fisure 9.16 (a): Si 2ps/2 Line Spectrum o f SiOz
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Fisure 9.16: Si 2ps/2 Line Spectra o f (b) P25w2a7 and (c) R25w2a7
In each case a single line was observed with an observed BE of approximately 104eV.
The peak intensities o f each signal were normalised by dividing their corresponding 
elemental sensitivity factors (S.F.) the results o f which are summarised in Table 9.5.
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Table 9.5: Peak Intensity and Corresponding Sensitivity Factors fo r 01s, 
Ti 2p and Si 2p
Element Intensity S.F. S.F : Intensity
P  2 5w2a7
0 740.115 0.66 1121
Si 85.781 0.27 314
Ti 132.082 1.20 110
R 25w2a7
0 706.533 0.66 1071
Si 87.231 0.27 323
Ti 124.806 1.20 104
The S.F:peak intensity ratio (normalised peak intensity) for each element was then used 
to confirm the composition o f P25w2a7 and R25w2a7 (see Table 9.6).
Table 9.6: Normalised Peak Intensities Verifying Sample Composition
Ratio F 25w2a7 R 25w2a7
S iiT i 2.9 3.1
2(Si + Ti) : 0 1.3 1.2
3.0
1.0
Table 9.6 illustrated that P25w2a7 and R25w2a7 contained three times as many Si 
atoms as Ti atoms, corresponding to the desired composition o f 25% Ti02 and 75% 
SiOz as prepared. In addition, Si and Ti atoms were accompanied by two O atoms (Si- 
O-Ti-O-Si-O-Ti). This evidence supported the +IV valence states o f the metals, which 
was confirmed by (i) the absence o f a signal with a BE = 453.5eV in Figure 9.15 (a-c) 
(i.e. Ti^  ^fi*om TiO) and (ii) by presence o f a signal with a BE = 104eV from SiOz gel
9.4 UV-Vis
UV-Vis spectra were recorded using the conditions described in Section 4.3.3.1. The 
nature o f SiOz-TiOz was investigated by determining the wavelength at which P25w2a7 
and R25w2a7 ceased to absorb radiation as a function o f TiOz content. By comparing 
the spectra with that o f SiOz and TiOz (anatase and rutile), the absorption edge o f the 
samples and its relationship to the component oxides was then derived.
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Figure 9.17(a-c) shows the standard diffuse reflectance UV-Vis (DR UV-Vis) spectra 
for SiOz, anatase and rutile respectively. In each case the wavelength measurements 
were taken from half height o f the signals.
(a)
4.2 n
F(R)
240 280 360320
nm
(b)
F(R)
1.4
320 360 400
Fisure 9.17: DR-UV-Vis Spectra o f (a) SiOz and (b) Anatase
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Fi2 ure 9.17: DR-UV-Vis Spectrum o f  (c) Rutile
The poor electron density o f Si02 was manifested by the broad ill-defined nature of  
spectrum (a), which was observed at approximately 288nm. Both forms o f TiOz 
however exhibited well-defined sigmoidal-shaped signals at approximately 368nm and 
397nm for anatase and rutile respectively.
Figure 9.18(a-e) shows the individual DR UV-Vis spectra obtained for P5w2a7, 
P10w2a7, P15w2a7, P25w2a7 and R25w2a7 respectively.
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Fisure 9.18: DR-UV-Vis Spectra o f  (a) P5w2a7 and (b) PJ0w2a7
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(c)
7.0 n
F(R)
1.4
280 320 360 400
(d and e)
F(R)
320 360280 400
nm
Fisure 9.18: DR-UV-Vis Spectra o f (c) P15w2a7, (d) P25w2a7 and (e) R25w2a7
Note that d  and e were illustrated as one spectrum since the spectra were identical
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It was apparent that all Si02-Ti02 samples exhibited a well-defined, sigmoidal signal, 
resembling that o f Ti02 (as opposed to Si02). However it was also noted that subtle, 
but reproducible differences between the positions of the traces was also exhibited. 
These were highlighted further by combining the individual spectra (Figure 9.19).
7.0 n
F(R)
1 .4 -
280 320 360 400
nm
silica-titaniasilica titania
Fisure 9.19: A Comparison o f DR-UV-Vis Spectra ofSiOz (A), P5w2a7 (B),
P10w2a7 (C), P15w2a7 (D), P25w2a7 / R25w2a7 (*), Anatase (E) 
and Rutile (F)
Figure 9.19 illustrated the absorption edge for Si02 (288nm), anatase (368nm) and rutile 
(397nm), in between which, that o f the Si02-Ti02 samples were located (~ 320-340nm). 
The spectrum annotated by * corresponded to P25w2a7 and R25w2a7 since the 
individual spectrum for each was identical and indistinguishable. Table 9.7 summarises 
the absorption edge results observed.
It was apparent that the absorption edge exhibited by each sample was specific and 
highly dependent on the chemical composition o f the samples. It was shown that the 
greater the Ti0 2  content o f the oxides, the greater the absorption edge observed (red- 
shifted).
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Table 9.7: UV-Vis Cut-off Wavelength fo r Samples and Controls
Annotation Sample Abs’ Edge (nm)
A Si02 288
B P5w2a7 320
C P10w2a7 332
D P15w2a7 333
* P25w2a7 & 334
R25w2a7
E Anatase 368
F Rutile 397
Since no isolated signal corresponding to Si02, anatase or rutile was exhibited by any 
mixed oxide, the result was considered to support the absence o f occluded Ti0 2  and 
existence and homogeneity o f Si-O-Ti linkages. The average absorption edge calculated 
for samples A-F (including *) was 338nm, which identified signal * (P/R25w2a7) to be 
the most central.
9.5 CP MAS NMR of Oxides
Cross polarisation magic angle spinning (CP MAS) solid state NMR was applied to 
P25w2a7 and R25w2a7 oxide powders, whose spectra were compared to that o f Si02, in 
an attempt to identify the presence additional peaks resulting from Ti02. In each case 
the spectra were deconvoluted and curve-fitted to assess the bandshapes o f the observed 
resonance signals. The conditions under which the NMR spectra were recorded is 
discussed in Section 4.4.1.2.
The structural siloxane species are discussed using standard Q notation:
notation was developed by Englehardt et al where x refers to the 
extent o f condensation 0-4 (i.e. the number o f adjacent siloxane tetrahedra 
sharing Si-0). TEGS monomer would therefore be referred to as Q®.
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Figure 9.20 shows the CP MAS NMR spectrum obtained for SiOi.
Three prominent signals resulting from various siloxane species, centred around -92, - 
101 and -109ppm were identified. The spectrum was then compared to those obtained 
from P25w2a7 and R25w2a7 (Figure 9.21(a) and (b) respectively. The three prominent 
features observed in Figure 9.20 (with slightly different chemical shifts) were observed, 
confirming the presence of very similar siloxane structural units. In addition the 
deconvolution also exhibited a smaller, broad signal centred around -85ppm (*), which 
was absent from the Si02 spectrum. The deconvolution bandshapes were well 
represented by the observed signals whose chemical shifts were identified and 
summarised as follows (see Table 9.8).
\  Observed Sigaal
-120-100-80
PPM
Fisure 9.20: Deconvoluted CP MAS Si NMR Spectrum ofSiOz
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Table 9.8: Chemical Shifts o f CP MAS ^ S^i NMR Signals
Sample Chemical Shift (6) / ppm
Si02 - -91.6 -100.8 -110.0
P25w2a7 -84.6 -91.3 -100.0 -108.7
R25w2a7 -85.5 -91.4 -100.2 -108.9
The similarity between SiOz and SiOz-TiO: samples was highlighted in Table 9.9; the 
only noticeable difference being the absence o f the -85ppm signal from Figure 9.20. 
Using the observed chemical shift values, the following assignments were made:
Table 9.9: Signal Assignments and Q Notation Reference
~ Ô (ppm) Assignment Species
-85 (SiO)Si(OH)3 Q‘
-91 (SiO)2Si(OH)2 Q'
-100 (SiO)3SiOH Q'
-109 Si(0Si)4 Q'
On each spectrum the signal centred at approximately -lOOppm exhibited the largest 
relative intensity, illustrating a greater abundance o f siloxane species (with one OH 
group). It was considered that many surface species as well as bulk species will be o f  
this nature due to the thermal history of the samples, and both types would contribute to 
the overall signal. The second most intense signal was that o f the species, showing 
that much of the oxide was fully condensed to Si0 4  tetrahedra. For SiO] the remaining 
siloxane species were but for titania containing samples, there was evidence o f  
trifunctional species. This was found to be in agreement with Smith et al
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Fisure 9.21(a-b): Deconvoluted CP MAS Si NMR Spectra ofP25w2a7 and 
R25w2a7 Respectively
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9.6 ESR
ESR was used to investigate the presence o f magnetic centres within P25w2a7 and 
R25w2a7, as compared with control samples o f TiOz (anatase) and SiO], before and 
after partial reduction with 6% H2 in N2 (see Section 7.2.1). The conditions under 
which the following results were obtained are discussed in Section 4.4.2.1.
ESR analysis o f Si02, Ti02, P25w2a7 and R25w2a7 prior to partial reduction, were all 
ESR silent, since Ti and Si were present in the +IV state. For this reason the resultant 
spectra are not shown here. Figure 9.22(a) and (b) shows the ESR spectra o f partially 
reduced Si0 2  and Ti0 2  respectively.
(a)
Fisure 9.22 (a): ESR Spectrum o f Partially Reduced Si02
Partially reduced Si02 (Figure 9.22(a)) exhibited a considerable large signahnoise ratio, 
amongst which the presence o f M n^ markers was observed. However no definitive 
signal representing paramagnetic species was observed even at maximum instrument 
sensitivity (see intensity scale). Partially reduced Ti02 (Figure 9.22(b)) also revealed 
the presence of the Mn^  ^ markers, but unlike Si02, a single large ESR signal at
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approximately 331mT was observed, indicating the presence o f an ESR sensitive 
magnetic species.
(b)
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Fisure 9.22 (b): ESR Spectrum o f Partially Reduced Ti02
Analysed under identical conditions, the spectra corresponding to P25w2a7 and 
R25w2a7 is shown in Figure 9.23(a) and (b) respectively.
An identical signal to that observed for TiO] after partial reduction (see Figure 9.22(b)) 
was observed, in addition to a broader, less intense signal which was observed at 
approximately 339mT. This signal was considered to represent the simultaneous 
presence o f an additional ESR sensitive species. Its absence from Figure 9.22 (a) and 
(b) suggested that it resulted from the combination o f SiO] and 7 % .
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Fisure 9.23: ESR Spectra o f Partially Reduced (a) P25w2a7 and (b) R25w2a7
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Calculation of g-factor
Using the M n^ location markers, the g-factors were calculated using the fourth signal 
from the lowest magnetic field, given that g- = 1.981 consistent within a frequency range 
of 9.2-9.4GHz. Under these conditions, the interval between the third and fourth signal 
was known to be 8.69mT ± O.OlmT A schematic o f a sample spectrum (with 
superimposed M n^ markers) to illustrate this is shown in Figure 9.24.
Ho
AH
Measured Signal
ESR marker signal
g l =  1.981
Mn
:.69mT
Fi2 ure 9.24: Schematic o f ESR Spectrum and Measurement o f  the g-factor
Ho was determined from the magnetic field and by means o f a proportional calculation, 
the interval AH was derived. The g-factor was calculated as follows;
hv = gi.p. Ho (9.1)
hv = g.p .(H o-A H ) (9.2)
Therefore
g  = hv / p. (Ho - AH) = (hv / p) / {(hv/gi.p) - AH} (9.3)
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where
h
V
P
Ho
AH
= Planck’s constant (6.626x10’^ '^  Js) 
= frequency (9.2x10^^ Hz)
= Bohr Magneton (9.274x10*^^ JT^) 
= 334.5 mT
= measured from spectrum
In cases where AH is not very large the calculated g-factor is accurate to three digits. 
However, if  the measured ESR signal appeared higher in the magnetic field than that of 
the fourth M n^ marker, AH was made negative. The results are summarised in Table 
9.10.
Table 9.10: Calculated g  - factors from ESR Spectra
Sample g-factor
SiOz - -
TiOz 1.991 -
P25w2a7 1.991 1.900
R25w2a7 1.991 1.900
Table 9.10 shows that the same paramagnetic, ESR sensitive species was present for all 
Ti02-containing oxides with a consistent g-factor o f 1.991. This signal was typically 
attributed to Ti^  ^ ions in a tetrahedral or octahedral coordination sphere with a little 
tetragonal distortion. Furthermore the g-factor indicated the Ti was isomorphously 
substituted for Si positions in the predominantly SiO] matrix The additional 
magnetic species (g-factor = 1.900) exhibited by P25w2a7 and R25w2a7 was likely to 
originate from Ti^  ^ species with ion mobility, where the broadness o f the signal 
represented a longer relaxation time. Similar g-factors were reported by Cao et al for 
Ti (IE) at 77K.
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9.7 DISCUSSION
Chapter 1 discussed the mechanisms o f hydrolysis and condensation under conditions o f 
low acidic Rw, which are believed to lead to the formation o f polymer-like features and 
consequently, microporous materials. Generally, this was demonstrated by S bet 
determinations, the isotherms o f which for SiOz and P5-35w2a7 were type I. Type I 
isotherms confirmed the presence o f micropores o f 2nm or less. Allowing for pore 
collapse and densification after thermal treatment of the resultant gels, the pore size 
approximated to the estimated particle dimensions o f 4-6nm observed by TEM analysis 
(see Section 8.6). Krypton adsorption could have been useful, to study microporosity in 
more detail.
Over the temperature range investigated, SiOz and P5w2a7 exhibited type I isotherms 
and H4 hysteresis highlighting the existence of narrow slit-like pores. However at 
673K, SiOz (unlike P5w2a7) exhibited pore closure resulting from thermal-induced 
textural change. Similar results were reported by Orgaz et al for SiOz at 923K. 
Samples P15-35w2a7 exhibited H2 hysteresis which was typically associated with 
porous inorganic glasses.
The maxima observed in S bet and S ext at 520-65OK was believed to result from the 
evolution of -OR species from the surface and firom within the porous network o f the 
gels, thus creating porosity. A similar observation was reported by Hasegawa This 
was supported by maxima observed with and A^  ^over the same temperature range 
and additionally by the endothermie features observed with TGA-DTA analysis (see 
Section 8.3) due to the gaseous evolution of physisorbed water, VOC’s and residual 
organics. It was apparent that the observed maxima o f and A^  ^was greater for gels 
with increasing TiOz content and was believed to result from the increased quantity o f - 
OR evolution. However, Imamura et al reported the same observation, the reason 
for which was unknown. For the reasons discussed, determinations o f S bet? V p^ and 
App were only considered reliable at temperatures exceeding ~ 65OK after outgassing at 
673K and 873K (see Figure 9.7(a-c)).
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The results of Sbet, Vpp and App demonstrated the onset o f pore closure between 673- 
873K. It was shown that the effect o f adding TiOz was to first increase the Sbet of SiOz. 
Greater levels then appeared to cause the Sbet to decrease, before having little effect at 
levels > 25 mol % TiOz. Not surprisingly Vpp and App exhibited comparable properties. 
Both decreased up to ~ 15 mol % TiOz and a maximum was observed at 25 mol % TiOz. 
Furthermore AVpp and AApp became larger with increasing TiOz levels. From the 
observations it was concluded that there may be an optimum level o f TiOz that could be 
included into the SiOz matrix, which may be greater than 5 mol %, but less than 25 mol 
% TiOz. Here it would be useful to investigate further samples with for example, 
increments o f -  3 mol % TiOz, ranging from 3 mol % - 27 mol % TiOz.
The texture o f acid-catalysed homogeneous P25w2a7 and SiOz (J) samples was 
compared with that of a base-catalysed (M) samples o f SiOz and SiOz, onto the surface 
of which Ti from Ti(OPr’)4 was reacted to produce SiOz-TiOz (M) Table 9.11 
compares isotherm type, S bet, Vp and dp.
Table 9.11: Texture Comparison o f  Si02~Ti02 Prepared by an
Acid-Catalysed Homogeneous Method (J) and a Base-Catalysed 
Surface Reaction Method (M)
J sar
SiOz
aples
SiOz-TiOz
M samples 
SiOz 1 SiOz-TiOz
Isotherm type 1 1 4 1 4
S bet (m^g^) 475 621 250 1 332 1
V p ( c m V ^ ) 0.15 0.11 0.98 1 0.64 1
</p(nm) 2.5 2.6 19 1 50 
1
The apparent texture differences can, in part, be explained by the method o f preparation, 
the most significant being that o f isotherm type and S bet as observed. Since the J 
samples were prepared using an acid catalyst, sol-gel theory (see Chapter 1) suggests 
that the morphology o f the sols and corresponding gels is composed o f small polymer­
like entangled clusters, which would therefore give rise to microporosity (type I 
isotherm) and high surface areas. On the other hand, M samples employed a basic 
catalyst, which is known to yield larger and more discreet particles which grow by
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dissolution and re-precipitation processes, thus giving rise to mesoporosity (type IV 
isotherm) and therefore smaller surface areas. This also accounts for differences in the 
dp o f both samples, since particle size would have an affect on pore size. Interestingly 
however, is the observation that dp increases with TiOz incorporation. For the J samples 
the increase was small and was believed to result from the homogeneous distribution of 
Ti within the predominantly SiOz matrix, which was established at the sol stage. For the 
M samples however, Ti was ‘grafted’ to the surface o f existing SiOz particles at the sol 
stage. TiOz particles o f a given size may therefore have contributed to those o f the SiOz 
manifested as an overall increase in the observed dp. In both cases the Vp was seen to 
decrease with Ti incorporation. The difference was smaller for the J samples since Ti 
was homogeneously incorporated at Si-O-Ti polymeric-like chains.
It is more usual to use TPR studies to investigate the reduction o f oxide supported 
metals (e.g. frOz -> Ir), rather than the support itself as in the present study Despite 
Si having a lower AG° than Ti, no Hz consumption was observed, which confirmed it’s 
stability in the IV oxidation state. Prior to partial reduction, XPS confirmed the 
presence o f Ti in the +IV oxidation state. TiOz however can exist in many sub- 
stoichiometric oxidation states and Hz consumption (7.3%) was observed at 
approximately 500K. Compared with TiOz, P25w2a7 and R25w2a7 exhibited 
approximately 50% Hz consumption (3.5%) at about 13OK higher (~ 63OK) even with
0.02g more sample. The absence o f a TPR signal relating to TiOz (~ 500K) from 
P25w2a7 and R25w2a7 provided evidence for the absence o f segregated TiOz. 
However the absence o f any a TPR signal from SiOz and a TPR signal from TiOz at ~  
63OK, suggested that the Hz consumption was a result o f homogeneous Si-O-Ti 
linkages. It was suggested that S i-0 acts to stabilise TiOz to Hz consumption, where 
higher temperatures were necessary to cause reduction than for T i-0 alone. The 
significant difference in Tmax was a clear indication o f the different chemistry 
surrounding Ti'^  ^ in P and R25w2a7 compared with that of bulk TiOz. Stoichiometric 
calculations confirmed the reduction o f TiOz, which yielded the sub-oxide o f TiOi.93 
and that o f P25w2a7 and R25w2a7 the sub-oxide o f TiOi ^. In each case the reduction 
rendered a sub-oxide between Ti"^  ^ and Ti^ ;^ hence this was paramagnetic. In-situ XPS 
would have been useful here, providing evidence o f Ti (HI) spéciation due to the partial
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reduction process. However, ESR analysis in which a g--factor o f 1.991, corresponding 
to Ti (in) in a tetrahedral arrangement, with tetragonal distortion was observed. 
Furthermore P25w2a7 and R25w2a7 exhibited an additional signal with a g-factor of
1.900. This was attributed to interstitial Ti (HI) species whose greater relaxation was 
manifested by the broadness of the signal as a result o f ion-lattice mobility.
The ease with which electrons were removed from nuclei (ionisation potential) was 
reflected by 01s, Si 2p and Ti 2p electron binding energies (BE) (i.e. the greater the IP, 
the lower the BE (see Chapter 2)). BE’s o f atoms were determined by XPS. That o f  
0 1s electrons was shown to be largely dependent on its chemical environment. Figure 
9.14 demonstrated the homogeneity o f P25w2a7 and R25w2a7 where the 0 1s BE (~ 
532eV) was observed in between that o f SiOz ( -  533eV) and TiOz (~ 529eV). The 
intermediate value was attributed to 01s species o f Si-O-Ti linkages. Similarly Montes 
et al Ingemar-Odensbrand e? al Ingo et al and Orignac al^ ^^  ^ also used 
XPS to demonstrate the homogeneity o f SiOz-TiOz. The two signals observed for Ti 
were confirmed to correspond to 2pi/z and 2p3/z electrons at 465eV and 459eV 
respectively. In the same way the BE o f 01s electrons o f SiOz was altered by local 
Chemical environment (i.e. Ti-0) the absence o f Ti signals resulting from its association 
with 0-Ti, confirmed that no TiOz or isolated Ti was present. The signal observed at 
104eV was confirmed to represent Si 2pz/z electrons from SiOz gel. +IV oxidation 
states o f the metals were confirmed by the BE of Si and Ti as well as the absence of 
an ESR signal prior to partial reduction. In the case o f Ti, this was supported by the 
absence o f a signal with a BE of 453.5eV which corresponds to TiO (Ti^ )^. Data 
manipulation (see Tables 9.6 and 9.7) illustrated that a Si:Ti ratio o f 3:1 existed and 
was confirmed by elemental analysis (see Section 8.2.1). Furthermore a 2(Si+Ti):0 
ratio o f 1:1 confirmed the presence o f -Si-O-Ti-O-Si-O-Ti-, with each Si and Ti attached 
to two O. Unlike Domen and Onishi whose calculations highlighted a surface 
enrichment o f Ti.
As with textural properties, it was possible to compare the results obtained in the present 
study (J samples) with those derived from the base-catalysed M samples as discussed 
above, in terms o f the BE of 01s (see Table 9.12).
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Table 9.12: Comparison o f BE for O ls Electrons in J  and M  Samples
Sample O ls Binding Energy / eV
JTiOz 529.7
1 1 
1 - 1 -
MTiOz 529.6 1 1 1 ■ 1 ~
1 1
J SiOz-TiOz - 1 532.7 1
M SiOz-TiOz - 1 530.4 !
1
JSiOz - 1 - 1 533.3
M SiOz - 1 -  1 532.0
It was shown that despite the method o f preparation, SiOz-TiOz was composed o f  
oxygen atoms associated with Ti-0, Si-0 and Si-O-Ti linkages. In both studies the 
presence o f the latter was manifested by an intermediate binding energy, the value o f  
which was observed to be in between that exhibited by O ls electrons o f the component 
oxides TiOz and SiOz. The TiOz for both J and M samples was commercial anatase 
which was represented by an almost identical BE o f O ls in Ti-0 in each case. As 
discussed above however, SiOz was prepared using acid (J) and base catalysts (M), 
leading to different oxide structures. This was thought to be the reason for the slight 
discrepancy in the observed BE of O ls electrons o f Si-0. The largest difference 
observed was that o f O ls electrons corresponding to the different Si-O-Ti arrangements. 
This was considered to be related to the composition o f the samples, that being 25 mol 
% TiOz for J and 19.3 w/w % (~ 15 mol %) for M. Sample J was predominantly SiOz, 
the O ls BE o f which would influence the overall O ls BE observed. It was possible that 
structural differences o f the oxides due to the method o f preparation may also play a 
part.
TiOz-containing SiOz samples exhibited variable absorption edges which were 
apparently largely dependent on composition. It was shown that the band gap 
absorption edge o f samples P5-25w2a7 became significantly blue-shifted with 
increasing Si content. This observation was believed to be attributed to TiOz domain 
quantum size effects, decreasing with increasing Si content b6-i9] appeared that Ti 
therefore sees itself not as Ti"^  ^ in bulk TiOz, but modified by its association with SiO, 
effectively diluting electron density surrounding Ti atoms. This was confirmed by the
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absence o f an absorption edge at approximately 368nm and 397nm for anatase and rutile 
respectively, which illustrated and confirmed the absence o f occluded Ti in the SiOz- 
TiOz samples. In this regard DR UV-Vis provided evidence for the presence and extent 
of Si-O-Ti formation, illustrating homogeneity as a function o f Ti content In 
addition to this however, EXAFS and XANES would be beneficial to this study, from 
which information relating to Ti nearest neighbour could be obtained. T i-0 bond 
lengths, Ti orientation and size would help to indicate whether Ti was a component o f a 
tetrahedral or octahedral arrangement, or indeed a composite structure resulting from its 
intimate association with S i-0 structural units.
Following thermal treatment of P25w2a7, R25w2a7 and SiOz (573K), ^^ Si CP MAS 
NMR illustrated that were the most abundant species present and was the second 
most abundant. This observation demonstrated that the oxides were not completely 
dense at this temperature. Furthermore, TiOz-containing samples exhibited an 
additional Q* signal, which was absent from SiOz, which illustrated an increase in -OH 
species as a result o f TiOz incorporation. This was shown to affect the 0c o f the oxides 
(see Section 10.5.3).
Despite the expense involved, the study o f ^^ O nuclei (using Hz^ ^O in the synthesis) 
would be more selective in the present study. Similarly to XPS studies, in which 
differences in the chemical shift o f O ls electrons was observed as a function o f  
chemical environment, it was anticipated that variations in the chemical shift o f ^^ O 
resonances would indicate the different positions o f oxygen atoms within the TiOz- 
containing oxides; for example Si-^^0, Ti-^^0 and Si-^^O-Ti.
Table 9.11 shows that the partially reduced TiOz and the SiOz-TiOz samples all 
exhibited identical signals with a g-factor o f 1.991 and o f comparable intensity. This 
signal was believed to be alike with values o f g  = 1.99 which, according to Kera et al 
correspond to Ti atoms in the oxidation state + HI in the crystal lattice o f anatase. 
Ti^  ^ ions in rutile are believed to exhibit signals with g  factors o f 1.968 and 1.955 and 
none were observed in the current investigation despite the sample thermal treatment o f  
1173K. Since the anatase-rutile conversion is normally observed at approximately
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973K, the absence o f the rutile crystal lattice at relatively high temperature was 
considered evidence for thermal stabilisation o f TiOz, created by the formation o f Si-O- 
Ti linkages. The second signal {g = 1.900) observed only in the SiOz-TiOz samples was 
believed to correspond to that reported by Cao et al at g  = 1.903 resulting from a 
separate Ti^ "^  ion species. This signal was much broader in comparison to that observed 
at g  = 1.990 and was considered to result from two potential phenomena:
(i) from interstitial ion mobility within the lattice, which was manifested by a 
greater relaxation time. If this was correct, then the observation would suggest 
that the ion was formed as a result o f the partial reduction (rather than thermal 
treatment), since no additional signal attributable to isolated TiOz or Ti was 
observed by XPS, where only a single doublet attributed to 2pi/z and 2ps/z 
electrons o f Si-O-Ti were recorded, and
(ii) from Si^-O-Ti"^ structural units, giving rise to a different ion species. A  
greater apparent intensity for this signal was observed for the P25w2a7.
Additional work here is necessary to eliminate the possibility o f oxygen removal, thus 
Ti^  ^ formation simply as a result o f thermal treatment, in the absence o f a reducing 
atmosphere.
Jalava et al highlighted the potential o f using AFM to investigate the structure and 
morphology of oxides as a function o f preparation. They concluded that for hydrated 
TiOz produced from the basic hydrolysis o f TiCU yielded large (500nm) particles 
composed of smaller (~ 250nm) particles when neutralised at pH 4.8. However when 
the system was neutralised at pH 5.8, the features were then seen to become re-ordered 
to produce chain-like structures similar to those produce using thermal hydrolysis 
methods. In this regard, the author believes AFM would have provided additional 
structural information, highlighting differences between P25w2a7 and R25w2a7 as 
suggested by TEM (see Section 8.6).
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10.0 CHARACTERISATION of MATURE 2-D GELS
10.1 SEM ~ Texture
10.1.1 Coating Thickness (t)
Spin coating is often employed over alternative technologies especially in cases where 
uniformity is important. However, one of the main draw-backs to the technique can be 
cracking at the edges of the substrate, which normally results from an increased rate of 
solvent evaporation. In the present study however, this phenomenon was used to the 
advantage of providing an indication of coating thickness by viewing under relatively 
low magnification, using SEM.
Figure 10.1 illustrates this with a spin-coated P25w2a7 film after thermal treatment at 
573K for 24h. As a consequence of the electron beam , the edge of the coating was 
seen to peel away from the substrate during analysis and a clear cross-section of the 
coating was exhibited. The coating thickness was estimated to be -  300mn.
Substrate
Coating
Thickness
Fisure 10A : Film Peeling to Reveal Thickness (T) x5K Mag '
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10.1.2 Topography
(a) Effect of Thermal Treatment
Using SEM no topographical changes in the P25w2a7 film (see Figure 10.2) on heating 
at 373-573K were observed on any part of the film.
Fisure 10,2: Typical Surface o f P25w2a7 Film at 373-573K (x6K Mag)
Figure 10.2 illustrated that coatings derived from P25w2a7 were homogeneous and 
uniform, manifested by the poor contrast.
(b) Effect of Sol Miscibilitv
The physical appearance and topography of coatings derived from FAS-modified-Si02 
sol A (see Figure 8.2 and SEM in Figure 10.3) were similar to those in Figure 10.2. 
Film homogeneity and uniformity must have been the result of achieving and 
maintaining sol miscibility by eliminating phase separation on a molecular level.
10-2
Chapter 10 Characterisation of Mature 2-D Gels
Figure 10.3: SEM o f Coating A from the ‘Clear gels’ Region
Conversely, Figure 10.4 illustrates gross film inhomogeneity when there is sol 
immiscibility (e.g. sol B from Figure 8.2)
Fisure 10.4: SEM o f Coating B from the ‘Immiscible Gels ’ Region o f  the 
Modified TEOS-FAS TPD (defined in Figure 8.2)
10.2 AFM ~ Topography and RMS Roughness
(N.B. Changing the scale o f the Z- scale on all AFM 3-D images fo r direct comparison was beyond the
control o f the author at the time o f reporting)
As discussed in Section 5.3, AFM was used to investigate film topography and to 
determine the root mean square (RMS) roughness of the surface as a function of 
thermal treatment.
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10.2.1 Substrate (Fused SiO?) (see Figure 10.5)
As a control, the substrate onto which the P25w2a7 film was to be deposited was 
studied by AFM to determine its RMS roughness and to observe its topography.
1850
000
pm pm
Fisure 10.5: AF Micrograph o f Blank Fused SiÛ2
The micrograph illustrated the smoothness of the substrate, manifested by the absence 
of any blemishes or physical defects. Figure 10.6 illustrates the distribution of surface 
features in terms of their measured heights, from which an RMS roughness for the area 
shown was computed to be 0.6 Inm. It could be seen that many of the features were < 
2nm in height (see Section 10.4), which supported the evidence for the smooth surface.
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Fisure 10.6: Histogram Illustrating Surface Height Distribution o f  Si02 
10.2.2 P25w2a7 Coating (see Figure 10.7)
AFM has been used to study the topography o f Ti02-containing films and it is well 
established that the topography and RMS roughness o f a coating is largely dependent on 
the topography and RMS roughness of the substrate onto which the coating is placed. 
The substrate plays an important role in determining the coating morphology. The film 
was not thermally treated, but allowed to dry in a desiccator at ambient temperature. 
The raised projections were considered to be either instrumental artefacts or dust 
particles, but not a real part o f the coating surface. The coating remained smooth with 
only a small increase in its texture. The RMS roughness o f 0.86nm (determined from 
Figure 10.8) was rather low and comparable to that o f the fused Si02 (0.6 Inm). From 
Figure 10.8 the slight increase in texture and RMS roughness (manifested by the small 
shift in the histogram) had increased from < 2nm for the SiÛ2 substrate to ~ 5nm for the 
coating.
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Fisure 10.7: AF Micrograph o/P25w2a7 Film Surface (No Thermal 
Treatment)
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Fisure 10,8: Histogram Illustrating Surface Height Distribution o f  P25w2a7
10.3 UV-Vis ~  Transmittance
Section 1.10 discussed the criteria of the thin film preparations which have to be 
satisfied for industrial success. For films one of the most important criteria is 
transparency Reflectance UV-Vis was therefore used to determine the transparency 
of the thermally treated (573K) P25w2a7 film as compared to the fused SiO] substrate.
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The result is shown in Figure 10.9.
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Fisure 10.9: UV-Vis Spectrum o f  P25w2a7 Film Illustrating its Anti-Reflective 
Nature
It was shown that the film permitted approximately 94% transmittance o f the incident 
UV-Vis radiation, reflecting only a minimum 6% over the wavelength investigated and 
therefore satisfied the optional criterion for reflectivity.
10.4 NR
Since a sufficient difference in refractive index (An) between a film material and the 
substrate material is necessary to determine film thickness (x) by optical methods (i.e. 
UV-Vis), it was not possible to do this with films derived from P25w2a7 because the 
major component of the sol and the substrate was Si02. n for P25w2a7 was estimated 
using:
(i) (ii)
For 100% Si02 n  = 1.45 For 100% T1O2 n =  2.18
so75% Si02 Ha =1.095 so25% T1O2 Hb = 0.545
Therefore P25w2a7 ( n a + n^) = 1.64
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This was found to be in good agreement with that observed by Dislich for 25% Ti02- 
75% Si02 (n = 1,65) Therefore An (1.64-1.45) = 0.19. Neutron reflectance 
therefore, offers the potential to overcome this, since the refractive index is dependent 
on the scattering length density (Nb) of the material (see Section 4.6). Figure 10.10 
shows the curve-fitted experimental data.
10.4.1 Film Thickness 
Interpretation of Experimental Data
Much of the theory o f neutron scattering was dealt with in Section 4.6, however it is 
necessary to reiterate some of the fundamental expressions in order to detail the 
methods by which the experimental data was interpreted.
Neutron refractive indices for non-absorbing materials can be expressed as
n = l ->.^Nb/2ît (10.1)
where b = the scattering length for coherent scattering, N  = atomic number density per 
cm \ so Nb = neutron scattering length density. The refractive index (n) is usually close 
to, but less than unity (1 - n usually of the order of 10' )^.
From Snell’s law, an approximate form of the critical glancing angle 0o as
()o/ %, = (Nb /7T) "2 (1().2)
Reflection of neutrons o f a given wavelength X from a bulk interface is unity for
glancing angles less than the critical angle. In situations where the glancing angle is
greater than the critical angle, the shape of the curve can be given by Fresnel’s law:
2
sine - r n ^ - cos  ^ A )^^
R =
sinA + ( n ^ -co s^  e ) (10.3)
whether the experiment is performed at a fixed angle whilst scanning X or vice versa, 
neutron specular reflection is measured as a function o f wavevector transfer k, 
perpendicular to the reflectivity surface, where
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k = (471 sin 0) / A, (10.4)
and where 0 = reflection angle and % is the wavelength.
Interference due to reflection from two surfaces is manifested as a wiggle (see Figure 
10.10) the periodicity of which is related to the thickness o f the film. Therefore a plot 
of R against X is a function o f the refractive index o f the film and the substrate, as well 
as the thickness o f the film and any interfacial composition or density gradient.
Reflection from a single film can be written as
R .  c o s ( 2 P )
1 + + rL + 2 t23 r ,2 cos(2 p )
where
(3 = (2 71 / ^) n 2 T sin 0 (10.6)
and T =  film thickness, r% 2 and r2 3, are the Fresnel coefficients o f the air (1), film (2) 
and substrate (3) respectively, such that
r,, =  (10.7)
n, s in 0 /  +  ny sinOy
Roughness and concentration gradients over the wavevector transfer range studied are 
essentially indistinguishable. Their effect is to cause the reflectivity to fall faster. The 
case o f an interference between two bulk media is accounted for by the addition of a 
Debye-Waller-like factor:
R’ =R exp(-qoqi <z^>) (10.8)
where R is the ideal reflectivity, qo = 2k sin 00, qi = 2k sin 0i, 0q and 0% are the glancing 
angles o f incidence and refraction respectively, k = the neutron wavevector and
< > is the mean square roughness.
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From the above expressions, values of film thickness and surface roughness were 
obtained, however a least squares fitting software (VA05A) was used to match the 
theory to the experiment The b value o f Si, O and Ti is +0.42, +0.58 and -0.34Â'^ 
respectively, which yielded an overall b value o f +1.58 and +0.82Â'^ for SiO] and TiO] 
respectively. Given the mol % ratios o f the component oxides in P25w2a7, the overall 
b value (based on SxSiOz + lxTi02 moles) was calculated to equal 5.56Â'^. By varying 
experimental values o f x, an optimum x was found to be 300nm, with the material 
having an optimum Nb of 1.1x10'^ representing that of homogeneous SiO^-TiOi.
1.0E+0
1.0E-3-
1 .0E -4-
0.08
(Vbmentum transfer/A-^
1.120.04
Fisure 10.10: NR Curve-Fitted Experimental Data for P25w2a7 Film on Fused
10.5 Modification by FAS
10.5.1 Experimental
As discussed in Section 1.10, the aim of the current research was to produce 
hydrophobic thin films via the sol-gel process.
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One way in which this can be achieved was discussed in Section 2.8.3 where FAS was 
incorporated into TEOS-derived Si02 sols as a means o f producing miscible and 
homogeneous thin films with uniformly distributed F. An alternative method of 
functionalising existing films so as to impart surface hydrophobicity was by means of  
vapour deposition. This was carried out by placing the P25w2a7-derived film in a 
desiccator containing Si02 indicator gel. Under a N2 atmosphere, FAS was introduced 
into the desiccator and remained there for 168h at approximately 323K during which 
time the deposition took place.
10.5.2 Topography and RMS Roughness
(a) SEM
Following the vapour phase adsorption of FAS and subsequent thermal treatment at 
423K for 16h, significant changes in film topography o f P25w2a7 are observed in 
Figure 10.11 (compared to Figure 10.2). FAS appears to increase surface texture, 
roughness and morphology.
The presence o f FAS (or its F-containing degradation products) was confirmed using 
SEM X-ray analysis (EDAX) recorded at approximately 10 different locations on the 
film and the same result was obtained in each case. Figure 10.12(a) was observed for 
P25w2a7 film and Figure 10.12(b) after FAS adsorption. Before and after FAS 
adsorption, the Si:Ti ratio was approximately that expected.
Spectra could not be compared quantitatively since different excitation energies were 
required to analyse specific elements. Due to the penetration of the film surface by the 
X-rays, the signals observed are those of elements to a depth of 1pm. This suggests that 
ED AX analysis is of the 300nm thick film and 700nm of the fused silica substrate and 
this is another reason for treating the data qualitatively.
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(a)
(b)
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Fisure 10.11: SEM o f Surface Topography ofP25w2a7 Coating with FAS 
Subsequently Adsorbed onto Surface at (a) x lK  and (b) x l5K  
Magnification
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Fisure 10,12: X-Ray Analysis o f Film Surface (a) Before and (b) After FAS 
Adsorption
Elemental ‘dot mapping’ was carried out for Si, Ti, O and F on several different 
locations across the film. Distributions (shown in Figures 10.13 (a-d) respectively)
10-13
Chapter 10 Characterisation o f Mature 2-D Gels
suggested that each element was uniformly distributed and this may mean that the 
texture seen in Figure 10.11 was not caused by FAS or TiO] clustering.
(a)
(b)
i I-.1
Fisure 10.13 (a and b): Elemental Distributions o f Si and Ti Respectively in a
P25w2a7-FAS Film as seen by SEM-EDAX.
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Fisure 10.13(c and d): Elemental Distributions o f O and F  Respectively in a
F25w2a7-FAS Film as seen by SEM-EDAX
(b) AFM
Nevertheless, the topopgraphical differences caused by FAS adsorption onto P25w2a7 
were also studied by AFM (see Figure 10.14). Clearly adsorbing FAS vapour imparts
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significant texture and roughness as shown by SEM in Figure 10.11. The surface 
appeared non-uniform, uneven in thickness and apparently wedge-shaped.
#14.0-17 .0 -
0 .0 -
HIT,
Om
Fisure 10.14: AFM o f Untreated P25w2a7 Film with FAS Adsorbed
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Fisure 10.15: Histogram Illustrating Surface Height Distribution o f  FAS 
Adsorbed onto F25w2a7 Film
The much increased surface texture and roughness was confirmed by the histogram 
shift yielding surface features with height ranging from ~ 2.5nm to ~ S.Onm in Figure 
10.15. Many of the features appeared to be ~ 5.0nm in height and the RMS roughness 
was seen to increase from 0.87nm (P25w2a7) to 3. Inm after FAS adsorption.
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Consideration of the film for the desired application as a transparent hydrophobic 
water-repellent coating (see Section 1.10), thermal treatment would be necessary to 
increase film adhesion, hardness (thus wear resistance and duration) and also to reduce 
organic content. Figure 10.16 illustrates the topographical effect of thermal treatment 
of the P25w2a7 coating (at 573K for 16h), then FAS adsorption (at 323K for 168h) and 
finally thennal treatment (423K for 16h). Comparison with Figure 10.14 shows that the 
procedure yielded a film of consistent texture and uniformity. Considering the AFM 
image in Figure 2.5, it was anticipated that a film exhibiting such topographical 
features, may also demonstrate anti-reflective properties. The histogram in Figure 
10.17 demonstrated features ranging from ~ 20-60nm, with many centred around ~ 
38nm. The relevant RMS roughness was lO.Snm.
FÎ2 ure 10.16: AFM o f P25w2a7 F'ilm Treated at 473K (16h), with FAS 
Adsorbed at 323K (J68h) and a Final Thermal Treatment 
at 423K (16h)
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Fisure 10.17: Histogram Illustrating Surface Height Distribution o f Thermally 
Treated FAS on P25w2a7 Film
10.5.3 Contact Angle (0 )^
Contact angle measurements are often employed to provide information on surface 
energy, particularly within the thin films and coatings industry. The technique was 
applied to determine, in a comparative manner, a measure of coating hydrophobicity 
resulting from the use of FAS. Coatings were arbitrarily taken to be hydrophobic when 
they exhibited a 6c of at least 80°. Low 6c were expected to be seen for hydrophilic 
surfaces with a high number of OH’s per nm  ^ capable of H-bonding. This is shown in 
Figure 10.18.
OH OH OH OH
Fisure 10.18: A Schematic Illustrating H2 O H-Bonding to the Surface o f  SiÛ2  
Demonstrating Hydrophilicity
Vong and Sermon demonstrated that the presence and abundance of OH groups can 
be demonstrated using FT-IR within the region of 1500 - 4000cm ' where various 
v^(MO-H), v^OH) and v^^O ) vibration modes are known to exist
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This was illustrated by investigating the absorption spectra of bulk Si02, TiO  ^ and 
P25w2a7 after thermal treatment at 573K (see Figure 10.19) by the method described in 
Section 4.2.1.2.
P25w2a7
TiOj
SiOj
2500 3000
Wavenumber cm'^
1500 2000 3500 4000
Fisure 10.19: FT-IR Spectra Comparing the OH Region ofSi02, Ti02 and 
F25w2a7
Figure 10.19 demonstrated the OH content o f P25w2a7 was greater than that o f 810% in 
the bulk oxides per g o f sample. It was shown that (i) Si02 exhibited a greater 
abundance of OH species than Xi02 (which may be because Ti02 has a lower Sbet, but
(ii) combining Si02 and Ti02 yielded an OH content was almost twice that o f 8 % . At 
573K however (before the removal of VOC’s) Sbet was greater for P25w2a7 than for 
Si02. In the latter case, the broad band was observed between 3000cm*  ^ and 3600cm'^ 
and this corresponded to the fundamental stretching vibrations o f different hydroxyl 
groups. The feature is generally composed o f a superposition o f the following 
stretching modes The vibrations that were identified are given in Table 10.1 
and were found to be in agreement with those identified by Vong and Sermon
The method by which contact angles were measured involved determining (with the use 
of an optical microscope and a calibrated eyepiece accurate to 0.01mm) the diameter of  
a 0.005 cm  ^ droplet o f de-ionised water, carefully dispensed onto the film from a 
syringe (see Figure 10.20).
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Table 10.1: FT-IR Assignments within OH Region o f Spectra in Figure 10.19
Wavenumber (cm^) Assignment
3750 - free Si-OH on surface of gel
3660 - a pair o f surface Si-OH mutually linked by a H-
bond
- internal Si-OH
3540 - Si-OH H-bonded to molecular H2O
3500-3400 - absorbed H2O
1640 - adsorbed molecular H2O
This FTIR result on OH populations of Si02, Ti02 or Si02-Ti02 was confirmed by 
determining the 0c o f fused Si02 (substrate) and coatings derived from P25w2a7 (after 
thermal treatment at 573K), P25w2a7 onto which FAS had been adsorbed (see Section 
10.5) and the films derived from the FAS-modified-TEOS (coating A) sols (see Figure
8.2), The results are shown in Table 10.2.
VIEW
Aw
Hydrophobic
Coating surface
0.05cm water droplet
Hydrophilic
Fisure 10.20: Schematic o f  Arrangement to Measure Contact Angle 9c on a 
Hydrophobic and a Hydrophilic Surface using the Shape and 
Diameter (5) o f a 0.005 cirt Droplet o f  Water is shown. The 
Difference is Aw^
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Table 10,2: Average 6c Values o f Various Sol-gel-Derived Films at 298K
(estimated experimental error ~  10%)
Coating Sample ^ 0
Si0 2  substrate 39-43
P25w2a7 32-36
P25w2a7 + FAS 110-114
Coating A 86-90
The surface o f the fused S1O2 substrate = 39-43®) was hydrophilic in nature. Figure 
10.19 showed that P25w2a7 had a greater abundance o f OH species per g and this was 
manifested by its lower 0c o f 32-36®. The greatest 6c was exhibited by the P25w2a7 
coating onto which the FAS was adsorbed providing an abundance of CF2 groups from 
the vapour phase, hence the greatest hydrophobicity, although at this point it is not 
known if the FAS retains its molecular integrity after thermal treatment. Using a 
similar system Pilkington reported 0c «  103-105® and other workers have also 
reported 0c >100® using perfluoroalkylchlorosilanes If not decomposed, then it was 
believed that the FAS was linked to the surface of the P25w2a7 film was via a 
condensation-like reaction, with subsequent elimination of HCl, as shown in Figure 
10.21.
Following thermal treatment of this sample (576K for 2h), the % was seen to decrease 
significantly to ~ 68®. This temperature thus defined a thermal limit, beyond which the 
hydrophobicity o f the coating failed as the FAS decomposed; o f course decomposition 
could have occurred below 576K. Coating A which was derived from sol A (see Figure
8.2) exhibited a hydrophobic surface somewhat lower (86-90®) than the vapour- 
deposited FAS and was explained in relation to the method by which the sol was 
prepared (i.e. F atoms were homogeneously distributed throughout the bulk o f the 
coating, rather than accumulated at the coating surface). Using a similar system 
Pilkington reported 0c = 85-90® however there appeared to be a greater F 
concentration near the surface o f the film.
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Fisure 10.21: Possible Process o f FAS Modification ofP25w2a7 if  Thermal 
Treatment did not cause Decomposition
10.5.4 Depth Profiling 
(a) SIMS
SM S was used in the dynamic mode for depth profiling as described in Section 4.5, as 
a means o f determining the distribution of Si, Ti, C and F (see Figure 10.22) as a 
function of depth into the P25w2a7 film (a) and (b) P25w2a7 onto which FAS had been 
adsorbed. Both films were on fused silica substrates and (a) had been heated at 573K 
for 24h as was (b) which was also heated at 423K for 16h after FAS adsorption. Both 
were coated under identical conditions (see Section 3.6) and so (a) and (b) film 
thicknesses were assumed to be the same as that observed in Section 10.1.1 by SEM 
and in Section 10.5.1 by NR (i.e. ~ 300nm). This was reflected in Figure 10.22 since 
the data appeared to cease at ~ 295nm for (a) and at ~ 315nm for (b). The difference in 
film thickness (~ 20nm) was therefore considered to relate to the thickness o f the FAS 
adsorbed layer. For both (a) and (b), the count rate of Si appeared relatively consistent 
throughout the coating depth, which was expected since the composition o f P25w2a7 
was 75 mol % Si02 and the substrate too was Si02. Both (a) and (b) appeared to exhibit 
a comparable surface Ti count rate, which then decreased with depth: more rapidly with 
(a) (reading 300 cps"^  at 200nm) and more slowly with (b) (reading 300 cps'  ^ at 290nm).
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Fisure 10.22: SIMS (Si, Ti, C and F) Depth Profile Analysis o f  Films (a) 
P25w2a7 and (b) P25w2a7-FAS
This observation suggested that much o f the Ti in (a) was located at the surface o f the 
film, whereas in (b) after FAS adsorption, the Ti is more evenly distributed throughout 
the entire thickness o f the film. In sample (a) residual F gave a negligible count rate 
(lO^cps'^) at the surface o f the film and below it. Sample (b) however exhibited a count 
rate o f almost lO'^ cps'^  at the surface of the film, which decreased steadily by about 
lO^ cps'  ^ to a depth of ~ 240nm, before slightly increasing (~ 60nm). This observation 
suggested that a greater concentration o f F in (b) penetrated the entire depth o f the film. 
It is possible that penetration of the film by gaseous FAS occurred, but if  this is the 
case, it is difficult to explain why. C for both (a) and (b) was almost negligible; indeed 
in (b) C was not observed in the region (after a depth of ~ 240nm) where the F count 
rate was seen to increase.
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In a separate study undertaken by Pilkington, coating A (see Figure 8.2) was SIMS 
analysed to confirm that the method by which FAS was incorporated could result in a F 
penetration throughout the bulk o f the sol, film and resultant gel. Since t  was unknown 
the results were compared in a qualitative manner to those shown in Figure 10.22. For 
comparison purposes only, the data is presented as arbitrary units.
From Figure 10.23, it was shown that coating A exhibited a prolonged F intensity as a 
function o f depth compared P25w2a7 onto which FAS was adsorbed. This finding was 
considered to be imperative for prolonged functionality.
Coaling A
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Fisure 10.23: SIMS Depth Profile Analysis Comparing F  Distribution at the 
Surface o f P25w2a7 (A ) when Added as FAS Vapour after Film 
Formation and (# )  Homogeneously Dispersed Throughout Film 
Bulk when Added in the Miscible range by Method A at t =0)
10.6 DISCUSSION
As mentioned previously, in terms of the 3-D AFM images, the author 
recognised that the scale o f the z-direction should be the same throughout the 
investigation for direct comparison. However this was not possible at the time 
of reporting the data.
10-24
Chapter 10 Characterisation o f Mature 2-D Gels
Substrate and Coating Roughness
AFM (see Section 10.2,1) and NR (see Section 10.4) showed that the substrate was 
smooth to the level of 2nm or to an RMS value of 0.6Inm. Following the addition of 
P25w2a7, the film was shown to be smooth to a value o f 5nm, giving an RMS 
roughness o f 0.86nm.
Coating Thickness (x)
Optical methods by which film thickness o f P25w2a7 (x) could be determined was 
unsuccessful and was considered to result from the requirement the refractive index of  
the film and the substrate (An) to be sufficiently different. When this criterion is 
satisfied, a series o f spectral harmonics due to the constructive and destructive 
interference fringes reflected from the substrate and film surface are observed, allowing 
X to be calculated using Equation 10.9.
T = - f P —  (10.9)
4  X  n o
where = wavelength o f the first harmonic and lîo = refractive index o f the film. In 
the present study however, this was prevented since the chemical composition of 
P25w2a7 was 75 mol % 8 %  and the substrate was fused Si02 (An « 0.19). As an 
alternative, x was derived using SEM cross-section analysis and shown to be 
approximately 300nm after thermal treatment at 573K. A stylus tracking technique 
(e.g. DEKTAK or tallysurf) would have provided confirmation x. However NR (see 
Section 10.4) and SIMS (see Section 10.5.4) appeared to confirm this value o f x, in the 
sense that the neutron reflectance data profile was best fitted by an empirical Nb value 
for Si02-Ti02 between that o f Si02 and Ti02 (accounting for composition). This 
provided further evidence of Si-O-Ti homogeneity (and also assumed x was 300nm).
The lack of electron contrast exhibited by the film demonstrated a high level of 
homogeneity and uniformity, even as a function of thermal treatment up to 573K. No 
physical defects or blemishes were visible (except a dust particle which is shown). The 
x-y in-plane composition of the film was confirmed by EDAX analysis to be consistent
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at various locations across the film surface. This also demonstrated good x-y 
homogeneity.
Surface Chemical Properties
Compared with poly(ethylene) for example, in perfluoroalkyl molecular chains, the 
larger F atoms are so crowded together that they enclose the C-C backbone in a sheath 
of non-polarisable F atoms which twists the carbon chain so as to accommodate the 
steric interactions. This arrangement prevents accessibility of the carbon chain to other 
atoms and plays a major role in contributing to low inter-chain forces and is responsible 
for the low surface energy which accounts for hydrophobicity Therefore using FAS 
it was shown that the potential exists for modification o f the film surface to impart 
hydrophobic properties, by vapour depositing FAS or introducing FAS in region A. The 
effect of these was studied using SEM, AFM and 6c methods. SEM highlighted the 
emergence of highly irregular white clusters which were observed all over the film 
surface on FAS introduction and SEM-EDAX confirmed the presence o f highly 
dispersed F. Dramatic topographical changes were also recorded using AFM as the 
surface became rougher (RMS ~ 3.Inm); additional thermal treatment removed such 
irregularities.
It was shown using FT-IR that combining SiÛ2 and Ti02 yielded an OH abundance 
almost twice that of SiÛ2 per g of sample and that Ti0 2  exhibited the least (although 
this may be explained by a low S bet)- The 0c o f P25w2a7 was seen to increase 78° 
following FAS adsorption, which demonstrated a significant increase in hydrophobic 
character. Similar results to those reported here have been published 0c
measurements were made as a function of temperature, which revealed that the 
hydrophobicity was eliminated at ~ 563K, possibly due to FAS (or C-F bond) 
degradation. This represented an upper limit of thermal treatment, after which the film 
would no longer function effectively to repel water An alternative method by which 
FAS could be incorporated was shown (see Section 8.1), in which the rate o f hydrolysis- 
condensation reactions were carefully controlled, so as to permit a high dispersion o f F 
throughout the bulk o f the sol and subsequently, the film and gel.
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This was in fact shown by a 0c of 86-90®. Using ethylacetoacetate-modified Ti(0PT)4, 
Pilkington prepared Si02-Ti02 films containing 0.6 mol % FAS and recorded average Oc 
values o f 100-105®. Their results also demonstrated a decrease in Oc (to ~ 92-100®) with 
increasing TiÛ2 to levels o f 10 mol %, which may be explained by the presence of the 
complexing agent.
z-Composition and Depth Profiling
Much of the SIMS-detectable F from FAS was homogeneously distributed when 
incorporated by method A, but was concentrated at the surface o f the film when 
introduced by FAS vapour after film formation. Following FAS (CF3(CF2)g(CH2)2SiCl3) 
adsorption, Ti was seen to become more dispersed throughout the coating, compared to 
the P25w2a7 film without FAS. The F and C SIMS profiles indicate that the elements 
are not necessarily associated with each other since they progress differently as a 
function o f film depth. It was therefore assumed that as a result of the final thermal 
treatment o f the FAS-P25w2a7 film (423K), the FAS actually begins to decompose. 
This would agree with the previous result of hydrophobicity failure (Oc <80®) after 
thermal treatment at 563K. In situ residual gas analysis (RGA) (mass spectrometry) and 
XPS as a function of thermal treatment would have provided evidence as to the nature 
and structure o f the evolved FAS species, indicating a potential mechanism by which 
the FAS decomposes. Unfortunately, time was not available for such an experiment. 
Pilkington SIMS results o f Si02-Ti02 coatings incorporating 0.6 mol % FAS suggested 
that a F concentration gradient existed throughout the coatings. The highest F 
concentration was observed near the surface o f the film, the intensity o f which was seen 
to decrease by 50% at a depth of 0. Inm. It was also shown that using an excess o f FAS 
increased the hydrophobicity o f the films (Oc ~ 110-115®), whilst increasing the 
concentration o f F throughout the bulk. However the F concentration gradient observed 
in previous studies prevailed.
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Optical Properties
Using UV-Vis in the transmittance mode, it was shown that the P25w2a7 film exhibited 
~ 96% transmittance (i.e. minimum reflection) which was is desirable given the 
application considered (see Section 1.10).
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11.0 THERMAL MODIFICATION of MATURE 3-D GELS
11.1 IR
Section 8.4 illustrated the extent to which M-O-M bond formation was affected by Rw 
values ranging from 1-5 for the P25w2a7 sol. In this regard, Figure 11.1 demonstrates 
the effect o f Rw on the resulting gels which were thermally treated at 573K for 24h, to 
yield the corresponding binary SiOz-TiOz oxides. Skeletal V g(Si-O -Si) and Vas(Si-O -Si) 
vibrations at BOOcm’  ^ and 1050-1 lOOcm'  ^ respectively were observed, providing 
evidence for the extent of cross-linking.
The strong vibration centred about 940cm’  ^ was considered to be composed o f Vas(M- 
O H ) as well as V as(Si-O -Ti) vibrations, each contributing to the observed intensity o f the 
band, particularly at low temperature (e.g. 573K). It was further shown that between 
700 and 1100cm'\ the oxide prepared with Rw 1 exhibited relatively low intensity 
compared to that o f the oxides prepared with greater values o f Rw, particularly Rw 5, 
again providing evidence for the extent o f cross-linking o f network forming metal oxide 
linkages.
700 800 900 1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm"’)
Fisure 11.1: FT-IR Spectrum Illustrating the Effect ofRwon P25w2a7
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Figure 11.2(a-d) illustrates the effect o f thermal treatment o f P5w2a7, P15w2a7, 
P25w2a7 and P35w2a7 respectively, each having undergone thermal treatments at 473, 
673, 873 and 1073K for 24h. The results of this study were compared with that o f SiOi 
which had undergone a similar thermal treatment regime (473, 673 and 873K) (see 
Figure 11.3).
(a)
700 900 1000 1100 1200 1300 1400 1500 1600800
Wavenumber (cm )
(b)
1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm'*)
700 800 900
Fisure 11.2: FT-IR Spectra Illustrating the Effect o f Thermal Treatment o f  (a) 
P5w2a7 and (b) P15w2a7 at 473,673,873 and 1973K
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(c)
700 900 1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm'*)
800
(d)
1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm'*)
700 900800
Fisure 11.2: FT-IR Spectra Illustrating the Effect o f Thermal Treatment o f  
(c) 25 and (d) 35w2a7 at 473, 673, 873 and 1073K
The most consistent observation was the decreasing intensities o f the bands, particularly 
between 800-1100cm"\ which was attributed to thermal-induced condensation o f M-OH 
species. The composite 940cm'^ band was identifiable for each sample at 473K, but was 
seen to decrease by approximately half from 473 to 673K. At 873K the feature was
11-3
Chapter 11 Thermal Modification o f Mature 3-D Gels
seen as a mere shoulder to the main V as(Si-O -Si) and was difficult to resolve for both 
P5w2a7 and P15w2a7, partly due to the relatively low level o f 7 %  in the preparations. 
At the same temperature, samples P25w2a7 and P35w2a7 clearly exhibited the 940cm'^ 
vibration, the intensity o f which was also seen to decrease at higher temperature 
(1073K). This was accounted for by the incessant condensation process, causing 
strengthening o f the solid matrix as residual organics are evolved. The phenomenon 
manifested itself in the form of ‘band-shifting’ to lower wavenumber values and was 
observed in all cases.
The effect o f thermal treatment o f SiOi (see Figure 11.3) exhibited similar behaviour to 
the Ti-silicate samples. Si-OH vibrations were evident below 873K, above which they 
decreased and eventually disappeared. The absence o f this feature above 873K, 
confirmed the 940cm'^ band to result from the presence o f Ti-OH or Ti-bonded silicate 
species.
1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm"*)
700 800 900
Fisure 11.3: FT-IR Spectrum Illustrating the Effect o f  Thermal Treatment 
ofSi02 at 473, 673 and 873K
Since the broad band observed around 940-960cm'^ was considered to represent the 
vibration associated with Si-O-Ti linkages, the intensity as a function o f thermal 
treatment was illustrated using Figure 11.4.
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2.4
—  S iO j /P 5 w 2 a 7
—  P 35 w 2 a 7  
P 15 w 2 a 7
2.2
2.0
c  1.6
1.2
0.8
400200 300 500
Temperature (K)
600 700 800
Fisure 11.4: Intensity Change o f Si-O-Ti Vibration with Thermal Treatment up 
to 800K
It was shown that despite the concentration o f Ti02, the intensity o f Si-O-Ti decreased. 
It was apparent that P5w2a7 exhibited similar behaviour to Si02. At low [Ti02] (e.g. 5 
mol %) it was not possible to determine an intensity value above 400K, whereas at 
higher concentrations (>15 mol %) intensity measurements were possible, in some cases 
up to 800K. The absence o f data points above 400K for Si02 demonstrated the sudden 
decrease of Si-OH species (also known to contribute to the 940-960cm‘  ^ band). Thus 
data points thereafter were considered to be more associated with Si-O-Ti.
Figures 11.5(a-d) demonstrated the effect o f Ti02 concentration (rather than 
temperature) on Si02 at temperatures o f 473, 673, 873 and 1073K respectively. It was 
shown here that at 473K a proportional increase in the intensity o f the composite 940cm' 
 ^ band existed; the greater the [Ti0 2 ] the greater the intensity o f the vibration which 
was believed to result from the increasing levels o f hydroxyl species associated with Ti 
alkoxide hydrolysis. At 673K, little change in the intensities was observed. The 
position o f the bands shifted towards lower wavenumbers due to the re-structuring of 
the skeletal framework via condensation and carbonaceous evolution. This also 
accounted for changes observed at the higher temperature o f 873K, where a reduction in 
the intensity o f the V as(Si-O -Si) at about 1090cm'\ as well as the composite v(Si-OH, 
T i-O H ) and V as(Si-O -Ti) at about 940cm'^ was observed.
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(a)
(b)
mol % TiO;
  35
700 800 900 1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm'*)
S iO ,
2 5  m ol%  T iO j 
35  m ol%  T iO ;
700 900 1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm'*)
800
Fisure 11.5: FT-IR Spectra Illustrating the Effect o f  [Ti02] on Si02 
at (a) 473 and)b) 673K
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(c)
S iO ;
5  m oi%  T IO ; 
15  m ol%  T iO ; 
2 5  m ol%  T iO ;
700 1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm'*)
800 900
(d)
\ v
vs
1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm'*)
700 900800
Fisure 11.5: FT-IR Spectra Illustrating the Effect o f [Ti02] on Si02
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Since 573K represented a maximum temperature for thermal treatment o f thin films 
derived from P25w2a7 + FAS (see Chapter 10), the intensity o f the Si-O-Ti vibration 
was extrapolated from Figure 11.6. It could be seen that up 25 mol % TiO] the 
relationship was linear at both 473 and 673K. The intensity was then seen to 
significantly decrease at 35 mol % TiO] (represented by the full circle). Since there was 
minimal difference between both profiles, it was considered reasonable to estimate the 
intensity line as a function o f TiO] concentration at 573K.
1.5
proposed 573K
1.4 673K
1.3
473K
<
1.0
0.9
0.8
20
Mol % TiO^
Fisure 11.6: Intensity Change o f  Si-O-Ti Vibration (940-960cm'^) at 473, 673K  
and Proposed 573K. ( ^signifies the average value fo r  P35w2a7 
at 473 and 673K)
The vibrations identified were summarised in Table 11.1.
Table 11,1: Summary o f  Infrared Vibrations Observed in SiOz and 
Si02-Ti02 Gels
Assignment Wavenumber
(cm‘^ )
v(Si-O -Si) 790-810
Vas(Si-O-Si) 1080-1100
cjop(Si-O-Si) 465-472
Vas(Si-OH, Ti-OH) 900-970
Vas(Si-O-Ti) 930-960
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11.1.1 Acidity
Infrared analysis before and after pyridine adsorption (see Section 4.2.1.2.) was used to 
determine the nature o f acid sites exhibited by Si0 2 -Ti0 2 , compared with that o f the 
component oxides Si02 and 7 % . Only the spectral regions of interest are illustrated. 
Figure 11.7(a) and (b) shows the IR spectrum of Si02 and 7 %  respectively before and 
after pyridine adsorption. 7he former spectrum (Si02) illustrated the inability o f Si02 
to possess acidic sites. Figure 11.7(b) (7102) however did exhibit very small variations 
in the spectrum resulting from pyridine adsorption, but the intensity o f the signals was 
considered relatively insignificant. 7he results o f an identical study on P25w2a7 and 
R25w2a7 are shown in Figure 11.8(a) and (b) respectively. Spectrum (a) and spectrum 
(b) were identical in appearance, suggesting that pyridine adsorption had occurred by 
similar mechanisms for P25w2a7 and R25w2a7 respectively. 7his highlighted the 
existence o f identical acidic sites irrespective o f the method by which the samples were 
prepared. Five main bands were identified within the region o f interest; ~1400cm'\ 
-1450cm '\ ~1490cm’\  1547cm'^ and ~1638cm'^, annotated * and A-D respectively.
(a)
No Pyridine 
With Pyridine
1500
Wavenumber (cm"')
1600 17001300 1400
Fisure 11.7 (a): FT-IR Spectra o f S1O2 Before and After Pyridine Adsorption
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(b)
No Pyridine 
With Pyridine
1300 1500 1600
Wavenumber (cm'*)
1400 1700
Fisure 11.7 (b): FT-IR Spectra o f  Ti02 Before and After Pyridine Adsorption
(a)
No Pyridine 
With Pyridine
1500
Wavenumber (cm'*)
16001300 1400 1700
Fisure 11.8 (a): FT-IR Spectra o f P25w2a7 Before and After Pyridine 
Adsorption
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(b)
No Pyridine 
With Pyridine
1300 1400 1500 1600
Wavenumber (cm'*)
1700
Fisure 11.8 (b): FT-IR Spectra o f R25w2a7Before and AfterPyridine 
Adsorption
There are various propositions for the assignments o f such vibrations, some o f which 
agree. Krozinger reported that the ring vibration mode 19b (most affected by the 
nature of the intermolecular interaction via the N atom is observed at 1400-1447cm"\ 
hydrogen bonded pyridine at 1535-1550cm'^ 1640cm'^ for the pyridinium ion (PyH^) 
and 1447-1464 and 1600-1634cm"  ^ for pyridine coordinatively bonded to LA sites. In 
contrast to this, Doolin et al reported that LA sites were observed at 1542-1545cm"\ 
1490cm"  ^ and 1577cm"\ Whereas BA sites were observed at 1448-1455cm"\ 1490cm"  ^
and 1635cm"\ A summary o f the assignments according to Krozinger and Doolin, in 
relation to the results in Figure 11.8(a) and (b) is shown in Table 11.2.
The signal annotated by * was not discussed by Krozinger or Doolin in their 
investigations and so far remains unassigned. However its absence from Figure 11.7 
and its emergence as a result of pyridine adsorption suggested the likelihood that the 
signal represented an additional acidic property.
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Table 11,2: LA and BA Site Identification
(-) unassigned hand
(cm’^ ) Krozinger Doolin
*: ~ 1400 - -
A: ~ 1450 19b ring vib’ and/or L L
B: ~ 1490 - L + B
C :~1547 H- bonded pyridine B
D :~1638 B B
11.2 Raman
The conditions under which the following results were obtained are discussed in Section
4.2.2.1. Figure 11.9 shows the FT-Raman spectrum of TiOz (anatase) which has strong 
vibrations at 390, 519 and 640cm"\ It was used as a standard monitor, to identify the 
onset o f phase separated TiOz crystallite formation as a function o f thermal treatment.
500400 600300 700
W avenum ber (cm '')
Fisure 11.9: FT-Raman Spectrum o f  Anatase
Figures ll.lO(a-d) show the Raman spectra obtained for P10w2a7, P15w2a7, P25w2a7 
and P35w2a7, recorded following thermal treatments at 373, 473 and 573K respectively. 
The figures are illustrated with the standard anatase spectrum superimposed for 
identification purposes *.
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(a)
573K
473K
373K
TiO
300 500
W avenum ber (cm  ')
600 700400
* Due to the superimposition of anatase, attention is drawn only to the position of the signals, not to 
their intensities, which cannot be conqjared quantitatively
(b)
573K
473K
373K
TiO,
500
W avenum ber (cm '')
300 400 600 700
Fisure 11.10: FT-Raman Spectra o f (a) P10w2a7 and (b) P15w2a7 
after Thermal Treatment at 373, 473 and 573K
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(c)
(d)
573K
473K
373K
TiO,
500
Wavenumber (cm*’)
600 700300 400
573K
473K
373K
TiO,
500
Wavenumber (cm*’)
700400 600300
Fisure 11,10: FT-Raman Spectra (c) P25w2a7 and (d) P35w2a7 after Thermal 
Treatment at 373, 473 and 573K
The vibrations observed for TiO? was verified with those o f others
11-14
Chapter 11 Thermal Modification o f Mature 3-D Gels
Samples P10w2a7 and P15w2a7 which had undergone thermal treatment at 373, 473 
and 573K exhibited no TiOz vibrations. However, for P25w2a7 vibrations resembling 
that o f the anatase standard were slightly more apparent at 373K, the resolution of which 
increased with thermal treatment. At 573K the sample unambiguously exhibited 
vibrations closely resembling those o f ‘free’ anatase crystallites, which resulted from 
phase separation due to crystallisation. P35w2a7 exhibited prominent vibrations of 
anatase, even at low temperature (373K). These observations were described clearly in 
Figure 11.11, where the relationship between temperature and anatase formation (by 
phase separation), within the homogeneous Si0 2 -Ti0 2  matrix as a function o f TiÛ2 
content was described.
700
600
5  500
400
300
35
Fisure 11.11: Relationship ofTiOz Content and Crystallite Formation 
as a Function o f Temperature
It was shown that with greater concentrations o f Ti02, lower temperatures are required 
to initiate phase separation and the relationship was proportionally linear (within the 
limits o f the investigation).
11.3 XRD
The conditions under which the following results were recorded are discussed in Section
4.3.2.2. Figure 11.12 shows the diffractogram of Ti02 (anatase), whose first three most 
intense signals are observed at 20 values o f 25.1, 48.2 and 37.79°. In the present study, 
it was used as an identification standard, in order to verify the thermal-induced, phase-
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separated T1O2 crystallite. Figures 11.13(a) and (b) show the diffractograms o f samples 
P25w2a7 and R25w2a7 respectively after thermal treatment at 373K. The 
diffractograms are illustrated with the standard anatase spectrum superimposed for 
identification purposes, so that its formation could be observed more clearly. Attention 
is drawn to the position o f the signals. The relative intensities can only be compared in 
a semi-quantitative manner in the present study.
* *
20 30 50 6010 40 70 80 90
20
Fisure 11.12: X-Ray Diffractogram o f Anatase (N.B * is due to the sample holder)
(a)
60 70 80
Fisure 11.3 (a): XRD Diffractogram o f P25w2a7 at 373K
11-16
Chapter 11 Thermal Modification o f Mature 3-D Gels
(b)
20 30 40 70 80 9010 50 60
20
Fisure 11.13 (b): XRD Diffractogram ofR25w2a7 at 373K
No signals relating to that o f pure anatase were evident after thermal treatment at 373K. 
This observation illustrated and confirmed the amorphous nature exhibited by both 
P25w2a7 and R25w2a7 and was found to be in agreement with FT-Raman data (Section 
11.2). Figures 11.14(a) and (b) show the same samples which were subjected to a 
thermal treatment o f 573K for 24h.
(a)
4020 30 80 100
Fisure 11.14 (a): XRD Diffractogram o f P25w2a7 at 573K
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(b)
R 2 5 w 2 a 7
ANATASE
40 80 100
Fisure 11.14 (b): XRD Diffractogram o f R25w2a 7 at 5 73K
Unlike Figures 11.13 (a) and (b) however, it was possible to identify reflections which 
corresponded to those o f the anatase standard. Here, consideration was given to the 
intensity observed for the anatase standard (>1100 c/s), compared to that o f the samples 
which was at least two orders o f magnitude less. This provided a semi-quantitative 
indication as to the ‘free’ TiOi content formed within the samples.
The average dimensions o f the anatase crystallites in SiOz-TiOz were determined using 
line broadening and are shown in Table 11.3.
Table 11.3: Average Crystallite Size ofTi02 in Two Si02-Ti02 Samples after 
Thermal Treatment at 573K
Sample Crystallite Size (nm)
P25w2a7
R25w2a7
5.0
8.3
The average TiOz crystallite size in the SiOz-TiOz samples derived by XRDLB were 
smaller for P25w2a7 than for R25w2a7. It was noted that the observed average TiOz
11-18
Chapter 11 Thermal Modification o f Mature 3-D Gels
crystallite size o f P25w2a7 after thermal treatment at 573K corresponded well with the 
maximum featured in the histogram (Figure 10.8) illustrating the surface height 
distribution o f the corresponding film determined by AFM.
11.4 DISCUSSION
The effect o f Rw on M-O-M bond formation was studied using FT-IR, which was 
manifested by an increase in intensity o f the spectra, particularly the 940cm'^ band 
resulting from Si-O-Ti (and M-OH). The effect o f thermal treatment o f SiOz and PS- 
35 w2a7 up to 1073K, illustrated a decrease in intensity with increasing temperature. 
This was particularly true for the 940cm‘  ^ band since M-OH species were progressively 
depleted as thermal-induced condensation took place. Similar results were reported by 
Montes et al who compared precipitation-deposition and sol-gel methods o f preparing 
SiOz-TiOz. They concluded that the elimination o f v(Si-OH) (at 954cm'^) after thermal 
treatment at 823K, subsequently revealed the Vo5(Si-0-Ti) at 948cm'^ and believed that 
the sol-gel route yielded a greater Ti dispersion.
In addition an overall band-shift was observed which was attributed to strengthening 
and re-structuring o f the oxide skeletal framework Irrespective o f  the TiOz
concentration, the 940cm'^ band decreased with thermal treatment for reasons already 
discussed, but was seen to increase with TiOz concentration at low temperature due to 
the additional band intensity contribution from Ti-OH. 15 mol % TiOz represented a 
minimum TiOz content with which the 940cm‘  ^ band was identified upwards o f 400K, 
above which temperature the band intensity was believed to result more firom Si-O-Ti 
rather than M-OH, showing that Ti"^  ^was well dispersed throughout the SiOz network. 
Schraml-Marth al likewise reported the 940cm'^ band to be particularly pertinent 
for acid-catalysed pre-hydrolysis-derived SiOz-TiOz. The acidic nature o f P25w2a7 and 
R25w2a7 was demonstrated as a result o f homogeneously combining SiOz and TiOz 
following pyridine adsorption. Lewis and Bronsted acidic sites were identified within 
the region o f 1350-1700cm'^ which were absent from identical studies o f the component 
SiOz and TiOz. Had it been possible to de-convolute the above spectra peaks into for 
example. Gauss curves using the method o f least squares, equation 11.1 would have
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provided a semi-quantitative measure o f the proportion of Si-O-Ti species referring to 
the total Ti content. Thus a mixing efficiency or an estimate of Ti dispersion:
n  ^ (Si-O-Ti) ^ S i
(Si-O-Ti) = - --------- (11.1)
^ (Si-O-Si) ^  Ti
where S refers to the deconvoluted peak areas and X  designates molar proportions
(FT)-Raman spectroscopy has proved a useful tool in the structural study o f gel-glass 
transitions This together with its reduced sensitivity towards vibrational modes of 
silica meant that it proved a valuable spectroscopic technique in the investigation of 
phase separation. However in some cases, the resolution o f the vibrations was reduced 
because o f the level o f residual carbonaceous species remaining within the skeletal 
make-up o f the samples, since residual -OR species were only removed in flowing air at 
temperatures exceeding 600K as evidenced by TGA-DTA analysis (see Section 8.3). 
The presence o f such species can sometimes provoke fluorescence which is manifested 
by a severe baseline increase. Raman spectroscopy confirmed that the presence o f Si0 4  
suppressed the formation o f TiOz (by homogeneous Si-O-Ti linkages) with thermal 
treatment and that Ti"^  ^ remained within the SiOz framework prior to the onset o f  
phase separation giving rise to occluded TiOz domains. The preferred crystal phase was 
anatase and it was shown that with higher TiOz concentrations, lower temperatures were 
necessary to initiate the crystallisation process (e.g. >650K for 10 mol % and < 400K for 
35 mol %). It has been reported that shortening o f the Ti-0 bond distance takes 
place on forming Si-O-Ti and can be seen by upward shifts in the Raman spectra. 
However this was not observed in the present study.
Anatase crystallites were formed in P25w2a7 and R25w2a7 at ~ 573K. However the 
broadness o f the XRD signals and the relative intensity (c.f. TiOz) suggested that the 
quantity was negligible and that their crystallinity was poor. In addition to poor 
crystallinity, broad signals have been attributed to expansion of the TiOz tetragonal unit 
cell which showed that it was included well within the SiOz framework. XRDLB 
suggested that the average crystallite sizes o f P25w2a7 and R25w2a7 was
approximately 5nm and 8nm respectively. In the case o f the former, the average
_ _
Chapter 11 Thermal Modification o f Mature 3-D Gels
crystallite size o f 5nm corresponded well with the AFM histogram maximum of the 
untreated P25w2a7 film observed in Figure 10.8. Similar sizes were reported by Dutoit 
et al and Emili et al and Montes et al reported average anatase crystallite sizes 
o f 6-7nm using a base-catalysed sol-gel route following thermal treatment at 823K for 
4h. The differences in particle size between P25w2a7 and R25w2a7 were believed to 
result from the very different methods o f preparation. Jalava et al also concluded 
that differences in average crystallite size was dependent on sample preparation; basic 
hydrolysis of TiCfi lead to volume-average crystallite sizes o f ~ 7-9nm, whereas that for 
thermal hydrolysis which produced hydrated TiOz was ~  6nm. In the present study, 
since P25w2a7 pre-hydrolysis was rapid as shown by ^^ Si NMR studies (see Section 
8.5), it was believed that smaller particles were formed (as discussed in Chapter 1) 
leading to microporous materials as evidence by BET analysis (see Section 9.1). 
However R25w2a7 which was also shown by ^^ Si NMR to be less reactive to hydrolysis 
yielded polymeric-particulate features o f increased dimension analogous to the base- 
catalysed mechanism, as discussed in Chapter 1. Such systems would be expected to 
yield micro-mesoporous materials which could be shown by BET analysis of Nz 
adsorption at 77K.
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12.0 POTENTIAL of P25w2a7
12.1 Introduction
There is an increasing demand within the coatings industry for the application of thin 
films to transparent substrates such as glass and plastics for windows, with a view of 
adding novel optical properties to them. Typically, surface hardening of plastics, infrared 
reflection, ultraviolet absorption, polarisation and biréfringent (e.g. display devices) and 
indeed hydrophobicity. In particular, much effort has been devoted to improving the 
performance o f automobiles (e.g. comfort, fuel economy). From a safety stand-point 
there has been a great demand for maintaining a high viewing field of mirrors and 
windscreens which is particularly relevant to this thesis. Figure 12.1 illustrates the ways 
in which optical thin films have been used in the automobile industry
Glare-proof Mirrors
- Liquid aystal system
- Elcctiochiomic system
Light Control System
- Glare-proof glass by biretHngent 
and polarizing films
Outside Rearview Mirrors
• Retiactable power minors
■ Ultrasonic raindrop remover
■ Hydrophobic surface treatment
■ Elcctrochiomic glare-proof mirrom
■ Coloured mirrom
Organic Glass
- Polycarbonate, polymethylmethacrylate 
hard coatings
Light Control Films
- IR reflection films
- U V  absorption films
- Visible light control films
Functions on Rear W indow
- D efogger system  with dew  sensor
- Glass anteima system for vehicle 
communication
Electro Multi-Vision Displays
- Multi-displays liquid crystal, electro-luminescence, 
and clcctro-chromic monitors
Fisure 12.1: Applications o f Optical Thin Films in the Automobile Industry
Section 1.10 discussed the potential of designing, formulating and producing a thin film 
coating with anti-spoiling, rain-shedding properties for windscreens o f aircraft, 
architectural and automotive industries. In such applications the use of windscreen wiper 
blades would be much reduced, whilst maintaining a high field of view. The fundamental 
theory behind the concept relies on a low energy surface to ‘globulise’ (rain) water on
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impact, which, given the curvature of the windscreen, would be readily removed with 
resistance to wind. The efficiency of the latter process would be improved at higher 
vehicle velocity. Given the relatively recent recognition o f the potential of sol-gel 
processing over the past 40 years and it’s subsequent advantages over conventional 
glass-making technologies (see Chapter 1 and Table 1.5), it formed the method by which 
the hydrophobic film was designed.
The work carried out for this thesis showed the importance o f achieving and maintaining 
sol miscibility on a molecular scale (Section 8.1), and demonstrated that such systems 
could be (spin and dip) coated onto glass substrates (mimicking a windscreen) and that 
anti-reflectivity and transparency could be maintained throughout the process. 
Furthermore, the thesis demonstrated two ways in which the film could be functionalised 
(by FAS) to impart the desired hydrophobic properties.
In addition to this the current research demonstrated the potential o f improving structural 
and chemical properties o f the coating by incorporating highly dispersed Ti atoms. The 
photocatalytic nature of Ti has been known for over 50 years (lyioz «  390nm) and 
because of this, its presence allows sunlight to decompose organic compounds, such as 
those caused by impinging insects. The demand for coatings o f this nature has very 
recently been demonstrated on a national and international level However to the 
author’s knowledge to date, no work has been published in an attempt to produce an 
optical thin film combining both organic degradation and prolonged hydrophobic 
properties of optical thin films by sol-gel methods. As this thesis aims to show, this was 
achieved by understanding and controlling the solution chemistry, which was optimised 
by developing two novel synthetic routes (pre-hydrolysis and reflux methods) capable of 
yielding SiOz-TiO: in the form of homogeneous Si-O-Ti linkages containing up to 25 
mol % Ti, with minimal or no precipitation and phase separation. Interestingly, silica- 
titania glasses have provided much interest in the past largely due to their 
remarkable low thermal expansion coefficients and good optical quality
A wide range o f physical-analytical techniques have been applied to the specifically 
tailored sol-gel systems, in an attempt to understand and discuss, in a physio-chemical
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sense, the complex chemistry o f formation, development and application of the Si-O-Ti 
linkages; the structural back-bone which makes up the silica-titania sols, bulk gels, oxides 
and films.
Initial collaboration with Pilkington commenced with thorough investigations o f 
NILOH-catalysed SiOi and PEG-modified-SiOi films (as a means of creating porosity). 
The low mechanical durability o f such systems was thought to result from phase 
separation caused by the presence o f PEG, as shown by AFM. As a means o f increasing 
film transparency and strength, the author employed HCl-catalysis for subsequent 
investigations and employed spin coating to maintain film uniformity. It was apparent 
that SiOz films did not exhibit sufficient mechanical durability and as a means of 
overcoming this, the author investigated methods by which TiOz may be included, 
leading to SiOz-TiOz-FAS systems. Sol component addition sequences and their effects 
were also addressed. Using methods of complexing, Pilkington additionally studied the 
potential o f using SiOz-TiOz-ZrOz-FAS, but results showed no improvement. However 
the binary film was shown to exhibit marked improvements in wear resistance and 
prolonged hydrophobicity and formed the basis o f further work. It was considered that 
surface roughness may affect hydrophobicity and the author has shown that this can be 
controlled to some extent by thermal treatment and FAS incorporation. Furthermore, 
since P25w2a7 is amorphous, the author has demonstrated that TiOz crystallinity can 
potentially be controlled by thermal treatment and believes that this may also represent a 
method by which roughness can be controlled, x may also be controlled using various 
spin coating speeds and/or sol viscosity. Pilkington then investigated a SiOz-TiOz 
primer-monolayer system composed o f an alternative fluorosilane to FAS and also 
reported success with spray coating technology for coating large and curved glass panels 
(as well as rear light covers).
Over the duration of the collaboration, constructive and consistent progress was made 
towards producing a water-repellent, anti-soiling sol-gel-derived thin film and 
mechanisms by which the application o f such sols to automobile windscreens on a large 
scale were in place.
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In addition to this, the potential and industrial relevance of the tailored P25w2a7 SiOz- 
TiOz, has been further emphasised with its application to two separate, unrelated 
industries: that of
(i) Indoor Lighting
(ii) Catalysis
12.2 Indoor Lighting
At present highly reflective lamp housings produced by Marlin Lighting (Feltham, 
Middlesex) consist of electro-brightened pure aluminium, which undergoes a complex 
series o f cleaning, turning and brightening steps in order to achieve the desired optimum 
reflectivity characteristics from source filaments. As well as the purity o f A1 used, each 
processing step is known to affect the aesthetic quality o f the housing, the wavelength of 
light which is reflected from the source, and thus the overall quality of the product.
To prevent the electro-brightened lamp housing degrading over time under the 
conditions o f use, a thin film o f what was considered to be silicon monoxide (SiO) was 
deposited onto the brightened housing. It was anticipated that over an unknown 
duration, oxidation and polymerisation would yield SiOz, offering a glass-like protective 
film without significantly affecting the optical properties o f the product. However, the 
ease with which SiO was removed during handling and installation was problematic and 
rendered the lamp housing to deterioration and ultimately failure.
Holland reported the suitability of glass-ceramic coatings for the modification of 
surface behaviour o f materials and addressed composition, thermal history and adhesion. 
In this respect, the science on which this thesis was based permitted further research to 
be carried out, which subsequently illustrated that P25w2a7 could be spin coated onto 
98% Al, which exhibited a high degree o f uniformity and superb adherence. This was 
potentially useful given the thermal expansion properties of SiOz-TiOz The
P25w2a7 could also be functionalised (as discussed) to render the lamp hydrophobic, 
therefore offering anti-corrosion properties in situations where the products are cleaned. 
This demonstrated the protective potential o f the film.
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Bulk composition of the aluminium samples using X-ray fluorescence spectroscopy 
(XRF) was also carried out and discussed; these were 98.5% pure Al (plain, faceted 
(diamond shaped patterns used to optimise reflectivity)) and shaped (to determine the 
effect of coating complex shapes). P25w2a7 coatings were investigated by SEM with 
which surface roughness was shown to vary between 0.97 and 2pm. Coating appeared 
to decrease the substrate roughness. Dip coating was shown to overcome coating 
shrinkage.
The conclusions o f the work thus revealed that it would be possible to produce good 
coatings using P25w2a7 sol-gel chemistry, which were transparent, hard and protective. 
It was likely that this would require spray technology, given the nature of the complex 
reflector shapes.
12.3 Catalysis
The use o f bulk SiOz-TiOz was discussed in Chapters 1 and 2. The following section 
therefore addresses the potential of SiOz-TiOz as a high permeable membrane catalyst. 
In an industrial sense, the application of such systems is well-founded, in for example, 
gas separation and CFC recovery. Using sol-gel processing, it was shown that bulk 
SiOz-TiOz could be prepared by first producing base-catalysed SiOz (200nm in size) (see 
Figure 12.2(a)) which could be spin-coated onto a porous SiOz support providing a 
structure of 600nm in thickness. To increase the number of acidic centres the close- 
packed assembly o f SiOz particles was reacted with Ti(0Pr‘)4 and thermally treated for 
stabilisation purposes. To determine permeability characteristics, the membrane was 
tested for permeability using Nz and but-l-ene as a function of temperature (298-373K) 
at various flow rates. Isomérisation of but-l-ene (5% in Nz) was then carried out at 
773K to determine residence time characteristics (see Figure 12.2(b)).
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Fisure 12.2: (a) Growth o f Uniform Si02 Particles (200nm), (b) Activity o f  
Membrane Towards But-l-ene Isomérisation
The results of the investigation showed that the membrane % conversion of but-l-ene to 
but-2-enes was higher than for bulk powdered SiOz-TiOz, selectivity towards the 
production of cis and trans but-2-ene changed with increasing temperature and 
furthermore, the membrane exhibited less deactivation characteristics and could be 
reactivated in an Oz stream with ease.
12.4 Thesis Summary
During the completion of this thesis, the author has attempted to report and review 
recent discoveries and results by utilising recent references as well as those which are 
most relevant and influential. The author has arranged the thesis so as to provide the 
reader with a concise and relatively detailed appreciation of sol-gel and SiOz-TiOz, as 
well as the fundamental theory of over twenty characterisation techniques and coating 
methods.
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Chapter 1 began by discussing colloids and colloidal systems during which, sol-gel was 
introduced. A historical overview was presented, which highlighted the first man-made 
silicates in 1844, along with some of the most influential research, discoveries and 
workers who have contributed to sol-gel over the past 40 years. The thesis was 
concerned with metal alkoxide sol-gel processing (c.f. colloidal processing) and Section
1.2 discussed the chemical and physical properties of metal alkoxides (particularly 
TEOS) covering their methods o f synthesis, specific characteristics and tendencies. 
Perhaps one o f the most important considerations of sol-gel processing is the hydrolysis 
and condensation reactions, which are also discussed in the light o f some proposed 
mechanisms for the formation o f Si-O-Si linkages, using acid- and base-catalysed 
systems. The global concept of sol-gel was broken down into various stages and is dealt 
with as such for the remainder o f Chapter 1. The process of gelation (leading to the 
classification o f different gels), the ageing of gels (including coarsening and syneresis) 
and the various stages (and methods) o f gel drying is covered. The final processing stage 
of gel densification during thermal treatment and the subsequent gel-glass transition is 
also addressed. Largely owing to the quantity o f parameters which control sol-gel, the 
processing o f such systems can be rather complicated, yet very flexible. An attempt was 
made to individually address each of the most influential control parameters, whilst 
discussing the many ways in which sol-gel can be affected by them. Chapter 1 was 
concluded with a concise discussion o f the current industrial and domestic applications of 
sol-gel, whilst defining it’s advantages over conventional glass-making processes, with 
considerations of its drawbacks.
Chapter 2 dealt specifically with SiOz-TiOz and the formation of Si-O-Ti linkages using 
sol-gel methods. Firstly the physiochemical properties of the component elements (Si 
and Ti) and oxides (SiOz and TiOz) was addressed, highlighting their source, abundance, 
extraction, polymorphic characteristics and applications. This meant that the influence o f  
the components o f the composite binary could be considered and the effect o f TiOz on 
bulk SiOz was discussed in Section 2.5. There are many ways in which SiOz-TiOz can be 
synthesised each yielding oxides with different morphology, rheology and physiochemical 
properties. The oxides may be composed o f precipitates, co-precipitates, polymeric or 
particulate, each of which may be homogeneous or heterogeneous. During synthesis, the
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main obstacle to overcome is the kn mis-match between alkoxides of Si and Ti. This was 
addressed in Chapter 2 along with ways in which the magnitude of the mis-match can be 
reduced and/or effectively eliminated. This thesis was concerned with two ways in which 
this is possible, that of ‘pre-hydrolysis’ and ‘reflux’ preparation methods. In each case 
the author proposed mechanisms for the formation of homogeneous polymeric Si-O-Ti 
linkages on which the work for this thesis was based. Pre-hydrolysis was the preferred 
synthetic route providing a method which was low cost, simple, relatively quick and 
effective. It was also possible to practically eliminate precipitation of the TiOz phase (up 
to 25 mol % Ti) whilst maintaining optimum transparency and a low level o f OR content 
by not necessitating a chelating agent to reduce kn. Finally, Chapter 2 dealt with the 
industrial and domestic applications of SiOz-TiOz particularly within the thin films and 
coatings industry and catalysis.
Thin films and coatings is the largest application of sol-gel and applicable to the work 
carried out for this thesis. Applications often include optical, electrical, mechanical, 
chemical and decorative coatings. Chapter 3 therefore discussed in some detail the 
technologies that are currently used for the preparation o f thin films on glass, 
polycarbonate and metallic substrates, some o f which include conduction and diffusion 
processes, chemical processes, spraying processes and wetting processes. The latter 
includes dipping and spinning and the mechanisms and procedures o f both were 
discussed. Both methods are broken down into their respective individual stages 
allowing mathematical expressions o f thickness to be reported in terms o f friction and 
centrifugal physical forces, viscosity and speed.
Chapter 4 was the first o f four chapters which introduced the theory and concepts o f the 
characterisation techniques employed and their corresponding experimental sections. 
Dealing with spectroscopic methods. Chapter 4 introduced the electromagnetic spectrum 
and the principles o f light and its component wavelengths. ‘Vibrational spectroscopy’ 
focused on IR and Raman and discussed the requirements for molecular activity, as well 
as the various modes of vibration and the concept o f Fourier transformation. ‘Electronic 
spectroscopy’ discussed the concept o f valence electrons and their transitions between 
the various energy levels o f a molecule particularly within the UV-Vis range. The
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properties o f X-rays was then defined, along with their formation and the principles upon 
which XRD is based followed, including the process of line broadening which was used 
to determine the average crystallite size o f TiOz XPS was discussed in which the 
photoelectric effect and the origin of Auger electrons was highlighted as well as the 
importance o f determining electron BE’s. Nuclear magnetic resonance and ESR was 
discussed under ‘resonance spectroscopies.’ In the former the effect o f placing a 
diamagnetic and paramagnetic nuclei within a magnetic field was discussed, their effect 
on chemical shifts and the formation of multiplets through spin-spin coupling was 
addressed. More specifically, ^^ Si nuclei were discussed, their abundance and the 
implications o f its relatively long spin-lattice relaxation time. The principle o f ESR 
followed, in which a measure of the energy required to reverse the spin of an unpaired 
electron was obtained. For this thesis, ESR was also used to determine the presence o f 
unpaired paramagnetic electrons associated with Ti^  ^ ions with a electronic 
configuration. The underlying theory of SIMS was covered and the various modes in 
which the procedure can be operated was mentioned, particularly the dynamic mode for 
depth profiling, in which high primary ion current densities are used to erode surfaces 
whilst acquiring elemental information. The individual processes involved in the SIMS 
procedure were highlighted, including sputtering and ionisation as well as the method(s) 
by which secondary ions are thought to be formed. The penultimate section o f this 
chapter dealt with the rather sophisticated NR spectroscopy and began with an 
introduction to RAL, Oxford and the ISIS facility. The formation o f neutrons and the 
so-called spallation process using a proton synchrotron was discussed and was followed 
by a detailed description o f the CRISP reflectometer and the method by which data was 
acquired. NR was used to characterise thin films o f P25w2a7 on fused SiOz, from which 
X and roughness based on empirical values o f Nb was determined. The final section of 
Chapter 4 addressed each individual spectroscopic technique and the ways in which it 
had been used in the past for Si-O-Ti characterisation, based on recent literature.
Chapter 5 dealt with microscopic methods o f characterisation, concentrating on TEM, 
SEM and AFM. A broad introduction of EM was given including a brief history and 
development. The ways in which an electron beam may interact with the specimen was 
highlighted and this was followed by schematic illustrations of the instrumentation and
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Structure o f a TEM and SEM. In terms of AFM, the principles on which the technique is 
based are discussed, including the nature of the sample, the distance between the probe 
and the tip, the probe geometry an the modes in which the microscope may be operated. 
The way in which AFM can be used to determine RMS roughness was covered and a 
mathematical expression given. The chapter concluded with a literature survey 
highlighting the potential o f microscopy for Si-O-Ti analysis and some of the difficulties 
involved.
Chapter 6 discussed the theory of adsorption of gases onto solid surfaces and dealt with 
the different categories o f adsorbates and adsorbents that exist, as well as the two types 
of adsorption (physi- and chemisorption). Physisorption was dealt with in some detail, 
focusing on the theory proposed by Langmuir leading to the classification of isotherms as 
reported by Brunauer, Deming, Deming and Teller. BET theory which accounts for 
multilayer adsorption followed and a convenient form of the well-known BET equation 
was given, from which values o f S bet, C and can be derived. Microporosity was 
specifically addressed in addition to the concept of utilising the standard Harkins and 
Jura /-plot method from which S ext, and A^ can be determined. The chapter was 
concluded with a discussion addressing the effect o f TiOz on the texture of SiOz.
Chapter 7 was concerned with the characterisation and analysis o f the thermal properties 
of SiOz-TiOz using DTA-TGA and TPR. The theory upon which the former is based 
was addressed in a broad sense and factors which directly affect the corresponding 
results were considered. TPR was used to determine the reducibility of the binary oxide 
compared with that o f the component oxides. Models (nucléation and contracting 
sphere) by which reduction are known to occur were discussed and consideration as to 
the applicability o f AG° was given. Chapter 7 was concluded with a summary o f recent 
literature relating to the characterisation o f Si-O-Ti species by thermal methods.
Chapters 8-11 were concerned with reporting the results o f the characterisation methods 
described in Chapters 4-7, and were arranged as ‘sols and immature gels,’ ‘mature 3-D 
gels,’ ‘mature 2-D gels’ and the ‘thermal modification of mature 3-D gels’ respectively.
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Dealing with sols and immature gels. Chapter 8 highlighted the importance of sol 
miscibility throughout the sol-gel process so as to avoid phase separation and maximise 
homogeneity. The effect o f incorporating a functionalising molecule (FAS) was also 
demonstrated, as was the effect o f [Ti(0PF)4] and Rw on tg. The elemental atom % 
composition of the samples was verified using elemental analysis and the behaviour of 
SiOz, TiOz and P25w2a7 as a function of thermal treatment was studied under flowing 
air and Nz, where the evolution o f physisorbed water, VOC’s and residual organics was 
observed. IR demonstrated the kinetics of M-O-M formation in sols as a function of Rw 
and solution ^Si NMR confirmed the kinetics o f oligomer formation during the pre­
hydrolysis stage of the P25w2a7 synthesis. Temporal observations relating to ky and kc 
were made up to 120 min and again following the addition of Ti(0Pr*)4. R25w2a7 was 
also studied before and after reaction. Using TEM, it was not possibly to clearly identify 
particle sizes o f P25w2a7 and the reasons for this were given. However particles ~ 
30nm were observed for R25w2a7, whilst the elemental composition o f both samples 
was confirmed using TEM-EDAX analysis. As part o f the discussion, the proposed 
mechanisms by which FAS could be incorporated into FAS-modified SiOz sols was given 
in terms o f its interaction with partially hydrolysed TEOS, EtOH and residual HzO. The 
results obtained in Chapter 8 were then compared with that of other workers from the 
literature and discussed in the light o f the results.
The characterisation o f mature 3-D gels was the theme of Chapter 9, in which the 
textural properties o f SiOz were compared with that o f P5-35w2a7 as a fimction of 
thermal treatment (although only the results of gels which had undergone thermal 
treatment >673K were considered reliable since below this temperature DTA-TGA 
exhibited gaseous evolution of VOC’s and HzO). Generally at low temperature, the 
effect o f adding TiOz to SiOz was initially to increase S bet, which subsequently 
decreased with thermal treatment. TPR showed that SiOz did not reduce under the 
conditions of experimentation. This was not surprising and the reasons for this were 
discussed. TiOz exhibited a single reduction signal at ~ 500K and P25w2a7 and 
R25w2a7 exhibited a reduction signal (50% that o f TiOz) at the higher temperature o f ~ 
63 OK, which was considered to demonstrate the stabilising effect (hence different 
chemistry) of Si-O-Ti linkages on the reduction of TiOz. Proposed stoichiometric
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calculations indicated the possible existence of Ti^  % which was observed by ESR. 
Examination o f the 01s electron BE’s revealed the existence o f homogeneous Si-O-Ti 
linkages (c.f. SiOz and TiOz). The BE’s o f Ti 2pi/z and Ti 2p3/z electron signals 
confirmed the presence of Ti in the + IV oxidation state prior to reduction and likewise 
for the Si 2ps/z electron signals. Using the normalised peak intensities, the composition 
of P25w2a7 and R25w2a7 was confirmed and it was shown that each Si and Ti atom 
was accompanied by two O atoms as expected. UV-Vis was used to investigate the 
absorption edge of TiOz in P25w2a7 and R25w2a7 (c.f anatase and rutile). SiOz- 
containing samples were significantly blue-shifted and no isolated signal relating to any 
form of isolated TiOz was recorded, providing further evidence of Si-O-Ti linkages. 
Using ^^ Si CP MAS NMR, signals corresponding to  ^ species were identified. 
species provided the greatest signal intensity (thus abundance). No composite feature 
which could be related to Si-O-Ti was identified in this case, however the presence of 
TiOz apparently created a relatively small abundance of species. It was concluded 
that ^^ O MAS NMR would be more selective. ESR clearly exhibited the presence of 
paramagnetic Ti^  ^ species of P25w2a7 and R25w2a7 following reduction which 
confirmed the stoichiometric calculations discussed earlier. SiOz was ESR silent and 
reduced TiOz exhibited the greatest ESR signal as expected. Examination o f the g- 
factors illustrated that both P25w2a7 and R25w2a7 was composed of two different 
paramagnetic species and consideration was given to their nature. The results obtained 
in Chapter 9 were then compared with other workers reported in the literature and 
conclusions were drawn in the light of the discussion.
Chapter 10 dealt with the P25w2a7-derived thin films (mature 2-D gels) in which SEM 
was first used to estimate x to be ~ 300nm. It was further used to investigate the 
topography o f the films as a function o f thermal treatment and sol miscibility as discussed 
previously. It could be seen using AFM that the fused SiOz substrate was smooth to a 
level o f ~ 2nm which increased to ~ 5nm on addition o f the P25w2a7 film. UV-Vis 
demonstrated the optical transparency o f the film and showed that it was anti-reflecting. 
Using empirical values of Nb, NR confirmed the film x to be ~ 300nm and showed that 
the roughness level was comparable to that observed by AFM for the fused SiOz 
substrate and the P25w2a7 film. Following functionalisation o f the P25w2a7 film with
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FAS, the surface was further characterised by SEM which exhibited surface 
irregularities. The presence o f F was confirmed by SEM-EDAX analysis and the 
distribution o f Si, O, Ti and F was found to be high. AFM confirmed the SEM finding 
that topographical changes had occurred and the surface was seen to be rough at a level 
of 2-8nm. However following thermal treatment, this decreased to ~ 3.8nm. Using FT- 
IR a relationship between [OH] per nm^  or g of sample and 0c was observed within the 
range of 3400-3 800cm"\ 0c was seen to increase dramatically following the vapour 
phase deposition of FAS, which indicated a low energy surface and hydrophobicity. 
Depth profiling by SIMS demonstrated a high dispersion of Si, however Ti decreased 
less rapidly with coating depth following FAS adsorption. In both cases F was 
concentrated at the surface and was observed to a depth of ~ 0.3 jam, however the SIMS 
trace associated with C appeared to suggest that FAS degradation had occurred.
Chapter 11 focused on the ‘thermal modification o f mature 3-D gels’ and using FT-IR 
vibrations associated with Si-O-Si and Si-O-Ti were observed, as a function o f Rw and 
[TiOz], particularly at high temperature following the removal of M-OH species via 
thermally-induced-condensation. Novel chemical properties o f P25w2a7 were also 
demonstrated using FT-IR, which confirmed the existence o f acidic sites o f  P25w2a7. 
No such features were observed for the component oxides. Raman spectroscopy proved 
useful for identifying the formation of TiOz in the anatase conformation as a function o f  
thermal treatment and [TiOz]. It was shown that lower temperatures are necessary to 
initiate the onset of phase separation, with higher concentrations o f TiOz. Similarly XRD 
confirmed anatase to be the preferred crystallite, whose quantity was low and the 
crystallinity was poor. Using XRDLB, average crystallite sizes were reported to be ~ 
5nm for P25w2a7 and ~ 8.3nm for R25w2a7.
Appendix A served to indicate where potential further research could be done so as to 
confirm existing results and findings. This section also indicated where novel areas o f 
research would provide additional new results on the novel systems which have been 
prepared for this thesis. Appendix B served to indicate where presentations o f some of  
the work contained in this thesis have been given (or published), as well as additional
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presentations which are not directly related to the thesis, but in which the author’s 
involvement with SiOz-TiOz has played a direct role.
12.5 Final Remarks
From Section 1.9 (applications o f sol-gel) and Chapter 2 (silica-titania), in particular 
Section 2.6 (application o f SiOz-TiOz), it is hoped that not only a detailed appreciation of 
the principles, processing, implications and advantages o f sol-gel can be obtained, but 
also that the reader fully appreciates the spectrum of applications for which such sol-gel 
science is currently used, in addition to those applications for which the technology 
offers a real potential, two o f which have been discussed in this chapter.
The work carried out for this thesis has clearly shown that homogeneous SiOz-TiOz (up 
to 35 mol % TiOz) can be efficiently nano-engineered using specifically tailored pre­
hydrolysis and reflux synthetic routes, employing alkoxide precursors and in the absence 
of precipitation (which has proved difficult in the past). The greatest achievement o f the 
thesis was in demonstrating the importance o f understanding and controlling the entire 
chemistry and kinetics o f the sol-gel reactions on a molecular level, with consideration 
for their influence on the final products. The degree to which the chemistry can be 
controlled was proven with the use of proposed reaction mechanisms unique to the 
syntheses discussed.
It was shown that such solutions can be gelled (at different rates according to 
composition) to yield homogeneous bulk SiOz-TiOz oxides, whose chemistry, structure 
and texture was investigated thoroughly. Furthermore, it was shown that such physical 
parameters could be modified accordingly as desired. The applications o f the systems 
was discussed, especially in the field of catalysis where SiOz-TiOz is particularly useful. 
The flexibility of P25w2a7 was further emphasised by demonstrating the effectiveness 
with which homogeneous and uniform thin films and coatings (on fused SiOz and Al 
substrates) were prepared for a variety of applications (with varying physical and optical 
characteristics). Here aspects of structure and surface chemistry were shown to be 
imperative and the dramatic effect of changing such parameters for a variety of
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applications was addressed, particularly hard, hydrophobic, transparent and protective 
films.
It is hoped that the thesis has contributed to the further scientific understanding of sol-gel 
chemistry by the application o f over twenty characterisation techniques, and that the 
discovery o f other techniques and instrumentation will permit this fascinating area o f  
science to be explored and explained further.
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APPENDIX A
Considerations for Further Work
The discussion sections of Chapters 8-11 highlights where appropriate, methods by 
which additional information could be obtained which would amplify and clarify existing 
data. This section aims to briefly indicate ways in which the existing research could be 
taken forward. Below, a list of the techniques which could be used is given, together 
with a very brief indication o f the nature o f the potential information that could be 
determined.
Chapter 8 ~ Characterisation o f  Sols and Immature Gels
17ONMR Selective information relating to the intimacy o f the atom with Si 
and Ti in Si-O-Ti linkages, manifested by the chemical shift.
HPLC-MS A sensitive method by which hydrolysis (and condensation) products 
could be separated based on polymeric weight using an appropriate 
column. Having been separated, the products could then be analysed 
using MS, the unique fragmentation patterns o f which may indicate the 
nature and structure o f the species formed.
HRTEM
SAXS and 
SANS
A more sensitive technique than conventional TEM, which could allow 
the dimensions and shapes o f particle-like features <5nm to be 
observed.
Both techniques offer the potential to determine very small particle 
sizes, which could be used to verify the results obtained from HRTEM.
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Chapter 9 ~  Characterisation o f Mature 3-D Gels
Kr Adsorption Can be used to investigate porous solids with relatively small surface
areas since it has a rather low saturation pressure (po). Consequently, 
the ‘dead space’ correction for unadsorbed gas is small enough to 
permit the measurement of quite small adsorption with reasonable 
precision.
In-situ TPR- This would allow the formation of paramagnetic species (e.g. Ti^ )^ to
XPS be determined in real-time, as a function of simple thermal treatment
and/or simple thermal treatment. The difference would be manifested a 
different chemical shift on the Ti 2p spectrum.
EXAFS and This technique is used to determine the nature o f Ti in terms of its
XANES nearest neighbour. The technique determines (Ti-0) bond distances
and from known data, it is possible to observe Ti in a tetrahedral and/or 
octahedral environment as well as the nature of any lattice distortions 
that may be present. From such studies it may be possible to observed 
Ti in a modified tetrahedral structure resulting from Si-0 and Ti-0  
interaction.
17O CP MAS As discussed for Chapter 8, radio-labelled water would offer the 
NMR potential o f examining the intimacy of with both Si and Ti nuclei, 
which would provide a quantitative determination o f the extent o f Si- 
O-Ti formation (as a function of thermal treatment) compared to Si-O- 
Si and Ti-O-Ti bonds.
ESR In order to eliminate the formation of Ti (III) by simple thermal 
treatment as opposed to 6% Hz.
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Chapter 10 ~ Characterisation o f Mature 2-D Gels
DEKTAK/ Both techniques offer the potential for acquiring film thickness
Tally surf measurements quickly and easily. Both use a stylus with which the film
is pierced until the substrate is reached from which the thickness is 
gauged. Tally surf also provides a measure of the surface roughness.
Taber Is a method o f artificially eroding the surface o f films under rubber
Abrasion wheels o f known mass. Such instrumentation would provide an
indication as to the duration o f hydrophobicity (6c) and would be useful 
to compare films in which FAS was adsorbed to the surface of 
P25w2a7, with coating A, in which F was homogeneously distributed 
throughout the film.
Chapter 11 ~  Thermal Modification o f Mature 3-D Gels
Resonance In some cases, Raman spectroscopy suffers from fluorescence, which is
Raman caused by the presence o f residual carbonaceous species. It is
manifested by a significant increment in the baseline, which can 
sometimes mask various vibrations, making interpretation difficult. R- 
Raman records spectra eliminating fluorescence which has the effect of 
revealing hidden vibrations as well as making existing signals more 
prominent.
RGA This could be particularly advantageous for determining the nature of
evolved species during thermal treatment especially associated with 
FAS decomposition.
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Publications and Presentations
The following papers, publications and presentations have been given on work in this 
thesis (* denotes the presenter):
September 1995
Poster presentation at the 8™ International Workshop on Glasses and Ceramics from 
Gels, Faro, Portugal. Corresponding paper withheld due to industrial sensitivity (see 
PI).
J.G. Leadley, A. Taylor, P.A. Sermon*, 'Sol-gel-Derived Strong Anti-soiling Optical 
Coatings. ’
March 1996
Oral presentation at the Rideal Meeting, Dundee University.
F.P. Getton, V.A. Self, J.M. Ferguson, J.G. Leadley, P.A. Sermon*, M. Montes, 'Sol- 
gel-DerivedMembrane Catalysts.'
June 1996
Oral presentation at The Royal Society of Chemistry meeting on ‘Precipitation and 
Related Phenomena,’ at Royal Holloway University, London.
M.S.W. Vong, V.A. Self, R. Badheka, G. Peskett, F.P. Getton, J.G. Leadley, P.A. 
Sermon* 'Molecular Design o f Catalysts, Coatings, Sensors and Membranes.'
July 1996
Poster presentation at the Second International Meeting of Pacific Rim Ceramic 
Societies (ISST2/PacRim2), organised by the Australasian Ceramic Society in Cairns, 
Australia to be published in J. Am. Ceram. Sac., 81, (1998)
J.G. Leadley*, M.S.W. Vong, P.A. Sermon, 'A Spectroscopic Investigation o f  Sol-gel- 
Derived Si02-Ti02 using FT-IR and Raman Spectroscopies. ' (see P2)
(b) F.P. Getton, V.A. Self, J.M. Ferguson, J.G. Leadley*, M. Montes, P.A. Sermon, 
'Sol-gel Processing to Produce a Nano-engineered Catalytic Membrane. '
Both were also oral presentations and (a) was a poster presentation at The Royal Society 
of Chemistry Pre-doctoral Symposium at Brunei University.
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Ausust 1997
Pre-publication experimental report.
P.A. Sermon, J.G. Leadley, M.S.W. Vong, R. Badheka, ‘AP Monolayer Adsorption and 
Oxide Thin Films: ISIS 97, RAL-TR-97-050, CD ROM. (seeP3)
Octoher 1997
Oral presentation at The Royal Society o f Chemistry’s ‘M4 Corridor Catalysis Meeting’ 
at Reading University.
J.G. Leadley, 'The Preparation o f Sol-gel-DerivedSilica-titania:
Additional Publications
Papers which have been withheld due to industrial sensitivity.
J.G. Leadley, A. Taylor, P.A Sermon, 'Effect o f Incorporating Perfluoroalkylsilane into 
TEOS-DerivedSilicaSol-Gels.’ (see P4)
J.G. Leadley, A. Taylor, P.A. Sermon, 'Effect o f Composition on Phase Separation o f  
Sol-gel-Derived Coatings Incorporating Perfluoroalkylsilane: (see P5)
PI
Sol-gel-Derived Strong anti-Soiling Optical Coatings 
ij . G. Leadley*, ^A. Taylor, ^P. A. Sermon
^Solids and Surfaces Research, Chemistry Department, Brunei University, Uxbridge, Middx, UK, UB8 
3PH.
ABSTRACT
Phase separation of gelling sols has been investigated for acid catalysed, alkoxysilane-based 
systems containing ethanol. A ternary phase diagram (TPD) for the solvent system has been 
produced illustrating the effect of varying the concentration of each sol component, on the 
homogeneity and miscibility of the system. Furthermore, the effect of incorporating 
perfluorodecyltrichlorosilane (FAS) homogeneously into the silica network has been investigated 
with a view to providing product hydrophobicity.
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P2
A Spectroscopic Investigation of Sol-gel-Derived SiO^-TiO? Using FT-IR and
Raman Spectroscopies
J. G. Leadley^, M. Vong^, P. A. Sermon^
 ^Fractal Solids and Surfaces Research, Brunei University, Kingston Lane, Uxbridge, Middlesex, UK, 
UB8 3PH
ABSTRACT
Infrared and Raman spectroscopies have been used to study the structural evolution of silica- 
titania monoliths via an alkoxide sol-gel route, when tetraethylorthosilicate (TEOS) was partially 
hydrolysed with acidified water (pH«1.0) in ethanol and then titanium isopropoxide was added 
in a controlled manner. The effect of varying the Ti:Si ratio (and the nature of the Si-O-Ti 
linkages formed) is discussed.
P3
ISIS Experimental Report
Rutherford Appleton Laboratory_____
RB Number: 8047
Date o f Report: 27™ June 1997
Title o f Experiment: 
Principal Proposer: 
Affiliation:
Experimental Team:
AP Monolayer Adsorption and Oxide Thin Films 
Professor P. A. Sermon 
Brunei University, Kingston Lane, Uxbridge, 
Middlesex, UBS 3PH.
Dr M.S.W. Vong, J.G. Leadley, R. Badheka
Local contact: P. A. Sermon
Instrument: CRISP
D ate o f Experiment: 5 -6 /3 /9 7
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P4
Effect o f Incorporating Perfluoroalkylsilane into a TEO S-derived Silica Sol-
gel.
J^. G. Leadley, ^A. Taylor, ^P. A. Sermon*
^Solids and Surfaces Research, Chemistry Department, Brunei University, Uxbridge, Middx, UK, UB8 
3PH.
ABSTRACT
Phase separation of gelling silica sols has been investigated for acid catalysed alkoxysilane-based 
systems containing ethanol, using a ternary phase diagram (TPD) in the presence and absence of 
perfluorodecyltrichlorosilane (FAS). The interaction of the system components TEOS 
(tetraethylorthosilicate) and FAS, have been studied using 'H NMR.
P5
Effect o f composition on Phase Separation o f Sol-gel-derived Coatings 
Incorporating Perfluoroalkylsilane
J^. G. Leadley, ^A. Taylor, ^P. A. Sermon*
^Solids and Surfaces Research, Chemistry Department, Brunei University, Uxbridge, Middx, UK, UB8 
3PH.
ABSTRACT
Phase separation of gelling sols has been investigated for acid catalysed, alkoxysilane-based 
systems containing ethanol. A ternary phase diagram (TPD) for the solvent system has been 
produced illustrating the effect of varying the concentration of each sol component, on the 
homogeneity and miscibility of the system. Furthermore, the effect of incorporating 
perfluorodecyltrichlorosilane (FAS) homogeneously into the silica network has been investigated 
with a view to providing product hydrophobicity.
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